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SUMMARY 

Sta r t ing   f rom  fundamen ta l   quan tum  mechan ica l   concep t s ,  i t  h a s   b e e n   p o s s i b l e  to theoret-  
i c a l l y   d e r i v e   w a v e   f u n c t i o n s ,   d o n o r   i o n i z a t i o n   e n e r g i e s ,   t u n n e l i n g   e n e r g i e s ,   c o n d u c t i v i t y   r e l a t i o n -  
s h i p s ,   a n d   e q u a t i o n s  of state, all i n   e x c e l l e n t   a g r e e m e n t   w i t h   t h e   e x t e n s i v e   e x p e r i m e n t a l   d a t a  
t a k e n  to d a t e .  

T h e   g r o u n d  state w a v e   f u n c t i o n  of a c e s i u m   a t o m   o n  a d i e l e c t r i c   s u r f a c e   i s   t h e o r e t i c a l l y  
de t e rmined  to b e   o n e   l o b e  of a 2p   hydrogenic   wave   func t ion   pene t ra t ing   deep   in to   the   d ie lec t r ic ,   and  
g e n e r a l   r u l e s   f o r   s e l e c t i n g   s u r f a c e   w a v e   f u n c t i o n s  of a l l   e x c i t e d  s ta tes  a n d   a r b i t r a r y   s u r f a c e  
a s y m m e t r y   h a v e   b e e n   d e r i v e d .   C e s i u m - c e s i u m   i n t e r a c t i o n s  are exp l i c i t l y   ca l cu la t ed   u s ing   Kop ineck’ s  
r e s o n a n c e   i n t e g r a l   b e t w e e n   n e i g h b o r i n g   w a v e   f u n c t i o n s .   C o n d u c t i v i t y   p r o c e e d s   v i a   c e s i u m - c e s i u m  
e lec t ron   t unne l ing   and   t he   conduc t iv i ty   r e l a t ionsh ip   i s   de r ived   i n   t e rms  of Kop ineck’ s   i n t eg ra l   and  
t h e   s u r f a c e   p h o n o n   t r a n s i t i o n s   w h i c h   s u p p l y   t h e   c o n d u c t i v i t y   l o s s   m e c h a n i s m .   P h o n o n   e n e r g i e s  are 
exp l i c i t l y   ca l cu la t ed   f rom  the   v ib ra t iona l   mo t ion  of s u r f a c e  atoms. T h e   c o n d u c t i v i t y   v a r i e s  as  the  
c e s i u m   c o v e r a g e   s q u a r e d ,  to a f i r s t   approximat ion .  An e q u a t i o n  of state is d e r i v e d   s h o w i n g   t h e  
l i n e a r   d e p e n d e n c e  of c o v e r a g e   a n d   a r r i v a l   r a t e   f o r   t h e  low c o v e r a g e   s y s t e m  of i n t e r e s t .   T h e   c o n -  
d u c t i v i t y   i s   t h e n   p r e d i c t e d  to be   p ropor t iona l  to t h e   c e s i u m   p r e s s u r e   s q u a r e d ,   a n d   t h i s   p r e d i c t i o n   h a s  
been   accu ra t e ly   ve r i f i ed   expe r imen ta l ly .  

B y   c o m p a r i n g   o t h e r   a s p e c t s  of t h e o r y   a n d   e x p e r i m e n t a l   d a t a ,   t h e   h e a t   a n d   e n t r o p y   c h a n g e  
of a d s o r p t i o n   h a v e   b e e n   u n a m b i g u o u s l y   c a l c u l a t e d .  For a l l   c l e a n   a l u m i n a   a n d   g l a s s   s u b s t r a t e s  
$a = 0.85 e V   a n d  5.5 < A s / k  < 6.2. T h e   l a r g e  A s / k  v a l u e s   i n d i c a t e   t h a t   t h e r e   i s   l o n g - r a n g e   o r d e r  
e i t h e r   c a u s e d  by d ipo le -d ipo le   r epu l s ions  of s u r f a c e   c e s i u m   a t o m s  o r  by   t he   ex tended  p or d w a v e  
f u n c t i o n s   c h a r a c t e r i s t i c  of h i g h   d i e l e c t r i c   m a t e r i a l s ;  a s imi l a r   l ong- range   o rde r   has   been   obse rved  
in  LEED s t u d i e s .  For  s u r f a c e s   p r o b a b l y   c o n t a m i n a t e d   w i t h   h y d r o g e n ,   c o n d u c t i v i t y   i n c r e a s e s   a b o v e  
the   nonhydrogena ted  case; the   hydrogen   probably   forms   conduct iv i ty   b r idges   be tween  nearby   ces ium 
a t o m s .   T h e   h e a t  of a d s o r p t i o n  is unchanged  f rom + a  = 0.85 e V ,   s h o w i n g   t h a t   t h e   c o n t a m i n a n t  affects 
the   conduct iv i ty   bu t   no t   the   b inding   energy  of cesium.  The  Arrhenius   form of e x p e r i m e n t a l   d a t a  is c o n -  
v e n i e n t ’ f o r   c a l c u l a t i n g   c e s i u m   c o n d u c t i v i t y   i n   v a r i o u s   t h e r m i o n i c   e n e r g y   c o n v e r t e r s   a n d   r e l a t e d  test 
a p p a r a t u s .   S o p h i s t i c a t e d   m e a n s   h a v e   b e e n   d e v e l o p e d   f o r   a n a l y z i n g   t h e   A r r h e n i u s   c o e f f i c i e n t s   w i t h  
and   w i thou t   con taminan t s .   Th i s   r ep resen t s   an   impor t an t   t oo l   i n   unde r s t and ing   t he   complex   sys t em 
of t w o   a d s o r b a t e s   p r e s e n t   o n   o n e   s u b s t r a t e .  

V 
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A. INTRODUCTION 

E m i t t e r   a n d   c o l l e c t o r   s u r f a c e s   i n   t h e r m i o n i c   e n e r g y   c o n v e r t e r s   a r e   c o m p l e x   b e c a u s e  of 
a d s o r b e d   c e s i u m ,   a d s o r b e d   a d d i t i v e  gases, a n d   a d s o r b e d   r e s i d u a l  gases. A t   p r e s e n t ,   t h e r e   e x i s t s  
no   expe r imen ta l  or t h e o r e t i c a l   s t u d y   c a p a b l e  of f u l l y   i n t e r p r e t i n g   t h e s e   c o m p l e x i t i e s .   T h e   f r e -  
q u e n t l y   r e p o r t e d   e x p e r i m e n t a l   s t u d i e s  of work   func t ion   changes   w i th   va r ious   ce s ium  and   add i t ive  
p r e s s u r e s   d o   n o t   r e v e a l   t h e   l a t e r a l   i n t e r a t o m i c   f o r c e s   b e t w e e n   t h e   c e s i u m   a n d   t h e   a d d i t i v e   g a s .  
P r e s e n t   t h e o r e t i c a l   a n a l y s e s  of i n t e r a d s o r b a t e   r e a c t i o n s   a r e   n o t   b a s e d   o n   s o l u t i o n s  of Schrodinger 's  
equa t ion ,   and   c r i t e r i a   fo r   ob ta in ing   ve ry   l ow  work   func t ion   su r f aces   a r e   imper fec t ly   unde r s tood .  

For o n e  class of a d s o r p t i o n   s y s t e m s ,   h o w e v e r ,   t h e r e   d o e s   e x i s t  a l a rge   quan t i ty  of e a s i l y  
in te rpre ted   exper imenta l   da ta   and  a good  theoret ical   foundat ion  formulated  in   quantum  mechanical  
t e r m s .   T h i s   c l a s s   c o n s i s t s  of a d s o r b e d   c e s i u m   p l u s   a n   a d d i t i v e   o n   a n   i n s u l a t o r   s u b s t r a t e .   I t  is 
p o s s i b l e   i n   t h i s   u n i q u e   s y s t e m  to p roceed   l og ica l ly  from (a )   t he   one -e l ec t ron   Schrod inge r   equa t ion ,  
to (b)  the  two-body  interaction, to ( c )   t he   conduc t iv i ty   r e l a t ions ,   d ipo le   moment s ,   and   equa t ions  of 
state. Effects of t h e   a d d i t i v e  gas  c a n   b e   a n a l y z e d .   C o m p a r i s o n s  of theo ry   w i th   expe r imen t   a r e  
e x c e l l e n t .  

A s  s t a t e d   i n   t h e   C o n t r a c t   O b j e c t i v e ,   t h e   p u r p o s e  of the   r epor t  to fol low is to ful ly   under-  
s t a n d   t h i s   u n i q u e   s y s t e m  of c e s i u m   a d s o r p t i o n  on i n s u l a t o r s .  

E x p e r i m e n t a l   s t ~ d i e s " ~   h a v e   p r e v i o u s l y   s h o w n   t h a t   t h e r e  is a little c h e m i c a l   r e a c t i o n  
b e t w e e n   c e s i u m   a n d   i n s u l a t o r s ,   t h e   d a t a   a r e   r e p r o d u c i b l e ,   a n d  a great va r i e ty  of p r o p e r t i e s   c a n  
b e   m e a s u r e d ,   s u c h  as e l e c t r i c a l   c o n d u c t i v i t y ,   t h e r m o e l e c t r i c   e f f e c t ,   d i f f u s i o n   a n d   k i n e t i c s  of 
a d s o r p t i o n .   F i n a l l y ,   b e c a u s e   t h e   i n s u l a t o r   s u b s t r a t e   i s   e l e c t r i c a l l y   i n e r t ,   e l e c t r i c a l  effects 
c a u s e d  by adso rbed   ce s ium  can   ea s i ly   be   d i s t i ngu i shed   f rom  the   bu lk   subs t r a t e   and   obse rved  
over   many  orders   in   magni tude .  

T h e o r e t i c a l   s t u d i e s  to b e   d e s c r i b e d   h e r e   r e p r e s e n t   a n   a t t e m p t  to unify  much of th i s   ex -  
p e r i m e n t a l   d a t a   i n t o   o n e   c o h e r e n t   f a b r i c .   T h e   a p p r o a c h  is f u n d a m e n t a l   i n   t h e   s e n s e   t h a t   t h e r e   i s  
a logica l   deve lopment   f rom  the   genera l   quantum  theory  of s u r f a c e   d o n o r s  to t h e   e q u a t i o n s   f o r  
e l e c t r i c a l   c o n d u c t i v i t y .  

To b e   s p e c i f i c ,   i n   S e c t i o n  B. t h e   n o d a l   w a v e   f u n c t i o n s  of i s o l a t e d   d o n o r   a t o m s   a r e   e x -  
p l i c i t l y   de r ived ,   and   i n   Sec t ion  C. t h e   d e t a i l s  of d o n o r   w a v e   f u n c t i o n   d i s t o r t i o n s   a r e   c a l c u l a t e d  
by a v a r i a t i o n a l   t e c h n i q u e   f o r   a n   a r b i t r a r y   s u r f a c e   a s y m m e t r y   p o t e n t i a l .   O n l y   f u n d a m e n t a l   c o n -  
s t a n t s  - P l a n c k ' s   c o n s t a n t ,   e l e c t r o n   m a s s ,   e l e c t r o n i c   c h a r g e ,   a n d   d i e l e c t r i c   c o n s t a n t  - e n t e r  
i n t o   t h e   r e l a t i o n s h i p s .   T h e   g r o u n d  state of a s u r f a c e   d o n o r ,   l i k e   c e s i u m   o n   a n   i n s u l a t o r ,   c o n s i s t s  
of o n e   l o b e  of a 2 p   w a v e   f u n c t i o n   p e n e t r a t i n g   i n t o   t h e   i n s u l a t o r .   T h e   f o r m a l i s m  is s i m p l e   a n d  
e l egan t .  

In S e c t i o n  D. t h e   i n t e r a c t i o n s   b e t w e e n   s u r f a c e   d o n o r s   a r e   c o n s i d e r e d .   E x p l i c i t   c a l c u l a -  
t i o n s  of t h e   q u a n t u m   m e c h a n i c a l   r e s o n a n c e   i n t e g r a l   b e t w e e n   t w o   s u r f a c e   d o n o r s   a r e   m a d e ,   w h i c h  
l e a d  to a t h e o r e t i c a l   e x p r e s s i o n   f o r   e l e c t r i c a l   c o n d u c t i v i t y .   T h e   c o n d u c t i v i t y   m e c h a n i s m   c o n s i s t s  
of e l ec t ron   t unne l ing   w i th   phonon  losses d u e  to v ib ra t iona l   coup l ing  of the   donor  to t h e  lattice. 



The   donor   phonon   ene rgy  is e x p l i c i t l y   c a l c u l a t e d .   C a l c u l a t i o n s   s h o w   t h a t   c o n d u c t i v i t y   s h o u l d  
be   p ropor t iona l ,   i n   t he   f i r s t   app rox ima t ion ,  to t h e   c e s i u m   c o v e r a g e   s q u a r e d .  

I n   S e c t i o n  E., t h e   e q u a t i o n   o f  s ta te  i s   c o m p u t e d   w h i c h   r e l a t e s   c o v e r a g e  to s u r f a c e   t e m -  
pe ra tu re   and   vapor   ba th   t empera tu re .   A t   t he   l ow  cove rages  of i n t e r e s t ,   t h e   c o v e r a g e  is theore t i -  
ca l ly   p ropor t iona l  to t h e   c e s i u m   v a p o r   p r e s s u r e ;  also, t h e   c o n d u c t i v i t y   s h o u l d   t h e o r e t i c a l l y   b e  
propor t iona l  to t h e   v a p o r   p r e s s u r e   s q u a r e d .   T w o   u n k n o w n s   a p p e a r   i n   t h e   e q u a t i o n  of state: t h e  
a d s o r p t i o n   h e a t   a n d   t h e   c o n f i g u r a t i o n a l   e n t r o p y   c h a n g e .  

S e c t i o n  F. is a summary of t h e   e x p e r i m e n t a l   d a t a   o b t a i n e d   a n d   S e c t i o n  G. i s  a compar ison  
of t h e s e   d a t a   w i t h   t h e o r y .   C o n d u c t i v i t y   i s   f o u n d  to b e   p r o p o r t i o n a l   t o   v a p o r   p r e s s u r e   s q u a r e d   i n  
e x a c t   a g r e e m e n t   w i t h   t h e o r y .   T h e   a d s o r p t i o n   h e a t   a n d   e n t r o p y   c h a n g e   a r e   u n a m b i g u o u s l y   c o m p u t e d  
from t h e   d a t a .   T h e o r e t i c a l   d e p e n d e n c e s   o n   d i e l e c t r i c   c o n s t a n t   a n d   c o n t a m i n a n t   g a s e s   i n d i c a t e  
long- range   o rde r ing   o f   ce s ium  donors .   F ina l ly ,   Sec t ion  H. r e v i e w s   t h e   m a i n   c o n c l u s i o n s  of t h i s  
effor t .  

T h e   t h e o r e t i c a l   u n d e r s t a n d i n g  of c e s i u m   a d s o r p t i o n   p r o c e s s e s   o n   i n s u l a t o r s   h a s   g r a d u a l l y  
e v o l v e d  f rom  more   p r imi t ive   concepts   which   were   d i scarded  as  more   expe r imen ta l   and   t heo re t i ca l  
e v i d e n c e   w a s   a c c u m u l a t e d .   O n e   e a r l y   c o n c e p t i o n   o f   s u r f a c e   c o n d u c t i o n   t h r o u g h   t h e   s u b s t r a t e  
conduc t ion   band   had  to b e   d i s c a r d e d   b e c a u s e ,   e x p e r i m e n t a l l y ,   t h e   c o n d u c t i o n   m a g n i t u d e s   o n   g l a s s  
a n d   s a p p h i r e   s u b s t r a t e s   w e r e   s i m i l a r   e v e n   t h o u g h   g l a s s   e x h i b i t s  a poor ly   de f ined   band   s t ruc tu re .  
Ano the r   concep t ion  of a d s o r b e d   c e s i u m   d i a t o m i c   m o l e c u l e s   h a d  to b e   d i s c a r d e d   b e c a u s e ,   t h e o r e t i -  
c a l l y ,   c e s i u m   a t o m   i n t e r a c t i o n s   y i e l d  a p r e s s u r e   s q u a r e d   d e p e n d e n c e   o n   c o n d u c t i v i t y   a n d ,   e x p e r i -  
men ta l ly ,   t r ans i en t   deso rp t ion   expe r imen t s   i nd ica t e   adso rbed   ce s ium atoms. F i n a l l y ,  a third 
c o n c e p t i o n  of impur i ty   band   conduct ion   due  to ces ium-ces ium  sur face   band   format ion   had   to   be  
d i s c a r d e d   b e c a u s e   t h e o r e t i c a l   c a l c u l a t i o n s   s h o w e d   t h a t   t h e   i n t e r a c t i o n s   a r e   t o o   w e a k   t o  form s u c h  
a band.  

The   p re sen t   concep t   o f   t unne l ing   conduc t iv i ty   be tween   adso rbed   ce s ium  a toms   no t   on ly  
h a s  a good   t heo re t i ca l   founda t ion   bu t   a l so   ag rees   we l l   w i th   expe r imen ta l   da t a   t aken   up  to t h e  
present   t ime.  

T h e   n o v e l   a n d  successful t h e o r e t i c a l   t o o l s   d e v e l o p e d   h e r e   c o u l d   b e   e x t e n d e d   n e x t   t o   t h e  
more   complex   sys t em of c e s i u m   p l u s   a d d i t i v e   a d s o r b e d   o n  a m e t a l l i c   s u r f a c e .   T h e   e x t r a   c o m p l e x i t y  
l a r g e l y   a r i s e s   b e c a u s e   W a n n i e r   f u n c t i o n s ,   w h i c h   a r e   s t a t i o n a r y   w a v e   p a c k e t s   i n   m e t a l l i c   b o n d  
t h e o r y ,   m u s t   b e   u s e d .   S u c h  a fundamenta l   s tudy   fo l lows   na tura l ly   f rom  the   p resent   e f for t   and   would  
b e   e s p e c i a l l y   i m p o r t a n t ,   c o n s i d e r i n g   t h e   c u r r e n t   t r e n d   o f   i n t r o d u c i n g   a d d i t i v e s   i n t o   t h e r m i o n i c  
ene rgy   conve r t e r s .  

B. NODAL HYDROGENIC WAVE FUNCTIONS* 

A donor   a tom  loca t ed   on  a s e m i c o n d u c t o r   s u r f a c e   w i l l   h a v e   p r o p e r t i e s   c o n s i d e r a b l y   d i f -  
ferent  from a donor   a tom  loca t ed   i n   t he   s emiconduc to r   bu lk .   Three   examples   o f   su r f ace   donor s  
would  be:  a p h o s p h o r u s   a t o m   l o c a t e d   o n  a s i l i c o n   s u r f a c e ,  a sodium  atom  on a s o d i u m   c h l o r i d e  
s u r f a c e ,   a n d  a c e s i u m   a t o m  on a s a p p h i r e   s u r f a c e .  An unde r s t and ing   o f   su r f ace   donor   p rope r t i e s  
i s   i m p o r t a n t   t o   a d s o r p t i o n   p h y s i c s ,  to ca ta lys i s ,   to   th in- f i lm  format ion ,   and  to c e r t a i n   e l e c t r o n i c  
d e v i c e s   d o m i n a t e d  by s u r f a c e  effects. A l s o ,   t h e   q u a n t u m   m e c h a n i c a l   p r o p e r t i e s   a s s o c i a t e d   w i t h  
the   chosen   donor   po ten t i a l   a r e   s imp le   and   e l egan t .  

A s u r f a c e   d o n o r   a t o m   i s   c o n s i d e r e d  to be an i o n   c o r e   p l u s  a va lence   e lec t ron   moving   about  
i t  in   an   a tomic   o rb i ta l ,   in   accordance   wi th   quantum  mechanics .   Such  a cond i t ion   w i l l   p reva i l  at 

* P a r t  B wi l l  be s e p a r a t e l y   p u b l i s h e d  i n  P h y s .  R e v .  (1965). 
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l o w   t e m p e r a t u r e s   a n d   i s   t h e   c o n d i t i o n  of in t e re s t .   A t   h igh   t empera tu res   t he   donor   may   become  
ion ized   whereby   t he   va l ence   e l ec t ron   moves   i n   t he   c rys t a l   conduc t ion   band ,   and   Po i s son ' s  
equa t ion   and   Fe rmi -Di rac  statistics m u s t   b e   u s e d .  We c o n s i d e r   o n l y   t h e   e l e c t r o n i c   s t r u c t u r e  of 
a n   i s o l a t e d   s u r f a c e   d o n o r   a t o m   b e f o r e   i o n i z a t i o n .  

Many  worker^^'^ h a v e   a t t e m p t e d  to c a l c u l a t e   s u r f a c e   w a v e   f u n c t i o n s   a n d   e n e r g y   l e v e l s  by 
c o n s i d e r i n g   t h e   a d s o r b a t e   a n d   s u b s t r a t e  as a g ian t   mac romolecu le .   Because   t he   pe r iod ic i ty   o f   t he  
c r y s t a l  lattice is d i s t u r b e d  at the   su r f ace   by   t he   adso rbed   spec ie s ,   new  (Tamm- l ike )   adso rp t ion  
states a p p e a r ,   w h i c h   c a n   b e   c a l c u l a t e d  f rom  quan tum  mechan ics .   The   ca l cu la t ions   a r e   ex t r eme ly  
c o m p l i c a t e d  s o  t h a t   p h y s i c a l   i n s i g h t  is f requent ly  lost in   t he   ma themat i c s .  In   addi t ion ,   g ross ly  
s i m p l i f y i n g   a s s u m p t i o n s   m u s t   b e   i n v o k e d  so t h a t   e n e r g y   c a l c u l a t i o n s   a r e  at m o s t   q u a l i t a t i v e .  

Weisz' h a s   a t t e m p t e d  to c a l c u l a t e   t h e   d o n o r   i o n i z a t i o n   e n e r g y  E i  by u s i n g   s i m p l e   a d s o r p -  
t i o n   i d e a s .   H e   c o n s i d e r s  Ei  to be   f i xed  by t h e   d i f f e r e n c e  of t h e   i o n i z a t i o n   p o t e n t i a l  I of t h e   f r e e  
vapor  atom and  the  work  funct ion 4 ,  of   t he   c rys t a l .   Accord ing   t o   t h i s   i dea ,   i f  I > then  a m e t a l l i c  
a d s o r b a t e   w o u l d   n o t   b e   s p o n t a n e o u s l y   i o n i z e d  to form a conduc t ion   e l ec t ron .   Bu t  a phosphorus   a tom 
(I = 10.7 e V )   l o c a t e d   i n s i d e  a ge rman ium  c rys t a l  ( + e  = 4.5 e V )   i s   e x p e r i m e n t a l l y   k n o w n  to b e   e a s i l y  
i o n i z e d  (Ei = 0.01 eV)   even   t hough  I > 4,. T h u s   t h e  (I  - c r i t e r i a   and   t he   "boundary   l aye r  
theory of a d s o r p t i o n "   o n   w h i c h   i t   i s   b a s e d '   a r e   o p e n   t o   s e r i o u s   q u e s t i o n .  

The   approach   t aken   i n   t he   d i scuss ion   t o   fo l low  i s   d i f f e ren t  f rom  the  two  approaches  men-  
t i o n e d   a b o v e .   E s s e n t i a l l y ,   i t   i s   a n   e x t e n s i o n  of t h e   e s t a b l i s h e d   q u a n t u m   m e c h a n i c a l   t h e o r y  of a 
donor   a tom  loca ted   wi th in  a s e m i c ~ n d u c t o r . ~ "  ' In t h i s   t h e o r y ,   t h e   s e m i c o n d u c t o r   i s   a s s u m e d  
e l ec t r i ca l ly   i ne r t   excep t   fo r   p rov id ing  a d i e l e c t r i c   c o n s t a n t  K .  S u c h   a n   a s s u m p t i o n   a l l o w s   c a l c u -  
l a t i o n  of h y d r o g e n i c   w a v e   f u n c t i o n s   a n d   e n e r g y   l e v e l s   w h i c h   a g r e e   w i t h   e x p e r i m e n t .   F o r   e x a m p l e ,  
a s i m p l e   t h e o r e t i c a l   c a l c u l a t i o n  of Ei f o r   s i l i c o n   b a s e d   o n  K = 12 .0   and   e f f ec t ive   e l ec t ron  mass 
e q u a l   t o   t h e   f r e e   e l e c t r o n   m a s s   y i e l d s  E i  = (hydrogen   ion iza t ion   energy) /K2 or 0.074 eV.  For 
compar ison ,  Ei f o r   L i ,   P ,  A s ,  and   Sb   donor s   i n   s i l i con   i s   expe r imen ta l ly   found   t o   be   0 .041   eV  e 15%. 
A more   r ea l i s t i c   t heo re t i ca l   ca l cu la t ion , '   t ak ing   i n to   accoun t   t he   s epa ra t e ly   measu red   e f f ec t ive  
m a s s   t e n s o r ,   y i e l d s   0 . 0 2 9   e V .   R e a s o n s   f o r   t h e   d i s c r e p a n c y  of 0.012 eV  be tween   t h i s   r e f ined   va lue  
and   expe r imen t   a r e   a t t r i bu ted  to t h e  effect of the   donor   i on   co re .   S imi l a r   cons ide ra t ions   ho ld   fo r  
donor s   i n   ge rman ium.   Th i s   t heo ry   has   a l so   p red ic t ed   wave   func t ions ,   exc i t ed  state e n e r g i e s ,   a n d  
t h e  effect of s t r a i n s ,   e l e c t r i c   a n d   m a g n e t i c   f i e l d s   i n   g o o d   a g r e e m e n t   w i t h   e x p e r i m e n t .   M e t h o d s  of 
e x t e n d i n g   t h e s e   i d e a s  to a d o n o r   l o c a t e d   a t   t h e   s u r f a c e  of a s e m i c o n d u c t o r   c r y s t a l   a r e   d e s c r i b e d  
below.  A s i m i l a r   a n a l y s i s  also a p p l i e s  to s u r f a c e   a c c e p t o r s .  

1. Potential   Function 

C o n s i d e r  a donor  atom l o c a t e d   o n   t h e   s u r f a c e  of a d i e l e c t r i c   c r y s t a l .   T h e   p o t e n t i a l   f u n c t i o n  
V ( r ,  e,$) is c h o s e n   t o   b e  

v(r ,O,+)  = - e 2 / K r   i n s i d e   t h e   d i e l e c t r i c  

V(r,O,+) = + w o u t s i d e   t h e   d i e l e c t r i c   ( l b )  

which is s h o w n  by t h e   s o l i d   l i n e   i n   F i g .  1. Here  e is t h e   u n i t   e l e c t r o n i c   c h a r g e   a n d  K i s   t h e   c r y s -  
tal d i e l e c t r i c   c o n s t a n t ,   t a k e n   f o r   s i m p l i c i t y  to be  uniform  up to t h e   c r y s t a l   b o u n d a r y .   T h e   c o o r d i -  
n a t e s  r, 8, and  q5 a r e   t h e   u s u a l   s p h e r i c a l   c o o r d i n a t e s   a r r a n g e d  s o  t h a t   t h e   z - a x i s  ( z  = r c o s  6) p o i n t s  
i n   t he   d i r ec t ion   pe rpend icu la r  to t h e   s u r f a c e .   I n   p a r t i c u l a r ,   t h e   d i e l e c t r i c   h a l f - s p a c e   i s   r e p r e s e n t e d  
by z > 0, or 0 < 0 < r / 2 ,  a n d   t h e   v a c u u m   h a l f - s p a c e   i s   r e p r e s e n t e d  by z < 0, or  n/2  < 0 < r. T h e  
p o t e n t i a l  is arb i t ra r i ly   re fe r red  to z e r o   w h e n   t h e   v a l e n c e   e l e c t r o n  is in   t he   c rys t a l   bu lk   conduc t ion  
band ( r  + W, 8 < n /2 ) .  
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T h e   c h o s e n   p o t e n t i a l  is i n  fact a n   e x c e l l e n t   a p p r o x i m a t i o n  to t h a t  of a r e a l   s u r f a c e   d o n o r .  
Q u a l i t a t i v e l y   s p e a k i n g ,   t h e   v a l e n c e   e l e c t r o n  is e n e r g e t i c a l l y   m o s t   s t a b l e   w i t h i n   t h e   d i e l e c t r i c   h a l f -  
s p a c e   b e c a u s e  of the   h igh   e l ec t ron   a f f in i ty  X t h e r e .   Q u a n t i t a t i v e   s t a t e m e n t s   c a n   b e   m a d e   b y   r e f e r -  
r ing to a m o r e   a c c u r a t e   o u t s i d e   p o t e n t i a l ,  x - e 2 / r ,   s h o w n   i n   F i g .  1 by   t he   dashed   l i ne .   The   p ro -  
posed   i n f in i t e   magn i tude  of V i n   E q .   ( I b )   s e e m s   j u s t i f i e d   s i n c e  X ( =  1 e V )  is f requent ly  10- 100 
t i m e s   t h e   s u r f a c e   d o n o r   i o n i z a t i o n   e n e r g y  Ei as w i l l   b e   s h o w n   l a t e r .   T h e   p r o p o s e d   s t e p   p o t e n t i a l  
of V at  t h e   s u r f a c e  z = 0 (or 0 = n/2)  r e q u i r e s   m o r e   j u s t i f i c a t i o n .   C o n s i d e r   p o i n t s  A and B i n   F i g .  1. 

ELECTRON IN VACUUM 

- -T" 
h 

- 2  I 
I 
I 

5 ' 0  

ELECTRON I N  CONDUCTION  BAND 
/ 

+BOUND ELECTRON 

Fig.  1. Potential  of  an  electron  as  a  function  of  position. A 
dielectric  crystal  occupies  the  half  space z 2 0  and  a 
posi t ive  donor  ion is  located at the  surface z = 0. In 
the  approximation  discussed  in  the  text,  the  solid  line 
i s  the  effective  potential. 

P o i n t  A i s   l o c a t e d  at  the   conduc t ion   band   l eve l   where  V = 0 a n d  z A  = e 2 / X .   P o i n t  B i s   l o c a t e d  at 
t h e   l o w e s t   d o n o r   l e v e l  V = - Ei a n d  z B  = e 2 / ( X   + E i ) .   T h e   d i f f e r e n c e   b e t w e e n  z A  a n d  z B  i s   c a l c u - o  
laced  to   be 6 = e 2  Ei /x2.  Typ ica l ly ,   fo r  E i  =0.1 e V   a n d  x = 1 e V ,   o n e   o b t a i n s  6=0.1 x 13.6/1 x 1 = 1 A,  
w h i c h   i s   l e s s   t h a n   o n e  lattice c o n s t a n t .  In   summary,   when  the  potent ia l   funct ion  var ieso  f rom 
V = - Ei  to  V = 0, the   po ten t i a l   ba r r i e r  at  t h e  1ef;of F i g .  1 v a r i e s  by  approximately 1 A w h i l e   t h e  
bar r ie r  at  the   r i gh t   va r i e s  from  approximately 10 A to m. T h u s ,   t h e  step c h a n g e   i n   t h e   p o t e n t i a l  
f u n c t i o n   a t   t h e   s u r f a c e   s e e m s   j u s t i f i e d   f o r   c a l c u l a t i n g   s u r f a c e   d o n o r   e n e r g i e s ,   e s p e c i a l l y  if 
E , /x  ~ 0 . 1 .  

2. Wave Funct ions 

The   Schrod inge r   equa t ion   fo r   t he   wave   func t ion  $ ( r , O , + )  and   t he   donor   ene rgy  E of a s i n g l e  
v a l e n c e   e l e c t r o n  is 

w h e r e  h i s   P l a n c k ' s   c o n s t a n t   a n d  p* i s   t h e   e f f e c t i v e   e l e c t r o n  mass in   t he   non tenso r   app rox ima t ion .  
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T h e   a l l o w e d   w a v e   f u n c t i o n s   s a t i s f y i n g   E q s .  (1) a n d  (2) a r e   s i m p l y   t h o s e   h y d r o g e n i c   w a v e  
func t ions   wh ich   have  a p l a n a r   n o d e  at the   c rys t a l   boundary ,  8 = n/2. To b e   s p e c i f i c ,   t h e   w a v e  
f u n c t i o n s   a r e   l i s t e d   b e l o w   w i t h   P a u l i n g ’ s   n o r m a I i z a t i o n ’  2: 

Outs ide   the   d i e l ec t r i c  

w ,  e,+) = 0 ( 3 )  

w h e r e  p a n d  a*, a r e   d e f i n e d  a s  

2r   and  a: = h 2  P = -  Kn a*, 4 n 2 p *  e2 ’ 

(8 + rn) = odd (9) 

P r o v i d e d   t h i s   r u l e  is o b e y e d ,   t h e  total w a v e   f u n c t i o n ,   e q u a l  to t h e   s u m  of E q s .  (3) a n d  ( 4 ) ,  is 
c o n t i n u o u s  at the   boundary ,  8 = n/2, a n d  is iden t i ca l ly   ze ro   t he re .  A c o n t i n u i t y   i n   t h e   s l o p e s  of 
E q s .  ( 3 )  a n d  (4 )  at the   boundary  is n o t   r e q u i r e d   b e c a u s e  of t h e   i n f i n i t e   p o t e n t i a l  wa11.13 
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S i x   c o n s e q u e n c e s  of t h e   r e s t r i c t i o n  to h a l f - s p a c e   a n d   t h e   s u r f a c e   s e l e c t i o n   r u l e ,   x + m   = o d d ,  
a r e   d e s c r i b e d   b e l o w :  

(1) A l l   s p h e r i c a l l y   s y m m e t r i c  s w a v e   f u n c t i o n s   a r e   f o r b i d d e n   f o r   s u r f a c e   d o n o r s .   I n   a d d i -  
t i o n ,   t h e   e n t i r e   e l e c t r o n i c   s h e l l   w i t h  n = 1 is forbidden.  

(2) T h e   g r o u n d  state of a s u r f a c e   d o n o r   i s   f o r m e d   f r o m   o n e   l o b e  of a 2p   wave   func t ion .  
S c h e m a t i c   p l o t s  of all t h e   a l l o w e d   p ,   d ,   a n d  f w a v e   f u n c t i o n   o r b i t a l s  for s u r f a c e   d o n o r s   a r e   d e -  
p i c t ed   i n   F ig .  2. T h e s e   p l o t s   r e p r e s e n t   s t a t i o n a r y   w a v e   f u n c t i o n s   o b t a i n e d  from l inea r   combina -  
t i o n s  of Eq.  ( 4 )  u s i n g  ? m va lues .   A l l  of t h e   w a v e   f u n c t i o n s   g i v e   r i s e   t o   n o n z e r o   d i p o l e   m o m e n t s .  

P Z  

nr2 ,1=1,m=0 

+z 

XZ 

" 
X 

d Y Z  

n L 3, \ = 2 ,  m = i l  

f X, 

nr4, i=3,m=+-2 
(4 LOBES) 

Fig .  2. Schematic  angular  orbitals  for some surface  donor  wave  functions. 

(3) T h e   d e g e n e r a c y  of a s u b s h e l l  of c o n s t a n t  4 i s   e q u a l   t o  4 ,  w h i c h   i s   s m a l l e r   t h a n   t h e  
v a l u e  (24 + 1) requ i r ed   i n   t he   ru l e ' s   absence .  

( 4 )  T h e   t o t a l i t y   o f   e l e c t r o n i c  states with  spin-up  and  spin-down  in  a c o m p l e t e   s h e l l  of 
c o n s t a n t  n i s   n ( n - I ) ,   w h i c h   i s   a b o u t   h a l f   t h e   v a l u e  2 n 2  r equ i r ed   i n   t he   ru l e ' s   absence .  

(5) R a d i a t i v e   d i p o l e   t r a n s i t i o n s   b e t w e e n   e x c i t e d   d o n o r  states a r e   a l l o w e d ,   s u b j e c t   t o   t h e  
res t r ic t ion  A4 = t 1, c o r r e s p o n d i n g   t o   l i g h t   p o l a r i z e d   i n   t h e   s u r f a c e   p l a n e .   T r a n s i t i o n s   f o r  
A 4  = +_ 1, m = 0, c o r r e s p o n d i n g  to l i g h t   p o l a r i z e d   p e r p e n d i c u l a r   t o   t h e   s u r f a c e   p l a n e ,   a r e   f o r b i d d e n .  

(6) S i n c e  0 ( e )  of E q .  (6) v a n i s h e s  by de f in i t i on   i n   t he   vacuum  ha l f -p l ane ,   i t s   no rma l i zed  4, 
ampl i tude  m u s t  be  mult ipl ied  by dF i n   t h e   d i e l e c t r i c   h a l f - p l a n e .   T h e   r e q u i r e d   n o r m a l i z a t i o n  
f a c t o r  \/F i s   e x p l i c i t l y   i n c l u d e d  as the   f i r s t   f ac to r  of E q .  (6). 
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3. Expectation  Values 

U s i n g   t h e   w a v e   f u n c t i o n s  of Eqs.   (4)   to  (9) t h e   e x p e c t a t i o n   v a l u e s  of any   pa rame te r  W c a n  
b e   c a l c u l a t e d  from the   de f in i t i on  w= JJJ$*W$dT. E x p e c t a t i o n   v a l u e s  of many   pa rame te r s  - e lec t ro-  
static ene rgy ,   po ten t i a l   ene rgy ,  total energy ,   rad ius ,   o rb i ta l   angular   momentum,   and   the  z compo- 
n e n t  of angular   momentum - a r e   i n d e p e n d e n t   o f   t h e   s u r f a c e   s e l e c t i o n   r u l e  ($ + m) = odd .   Hence ,  
t h e s e   p a r a m e t e r s   h a v e  a d i r ec t   co r re spondence   w i th   exc i t ed  states of a donor   a tom  immersed   in  
the  bulk of a d i e l e c t r i c   c r y s t a l .  

I n   p a r t i c u l a r ,   t h e   e n e r g y   l e v e l s  En  a re   g iven  by 

w h e r e  E, i s   t h e   w e l l - k n o w n   h y d r o g e n i c  Is i o n i z a t i o n   e n e r g y ,  13.6 eV,   and p * / p  is the   r a t io  of 
e f f e c t i v e  to f r e e   e l e c t r o n   m a s s .   B u t   b e c a u s e  n >_ 2 for a su r face   donor ,   t he   2p   g round  state energy  
of a s u r f a c e   d o n o r   c o r r e s p o n d s   t o  a 2p   f i r s t   exc i t ed  state of a bu lk   donor .   The   i on iza t ion   ene rgy  
E: of a s u r f a c e   d o n o r   i s   t h e r e f o r e  1/4 t h a t  of a bulk   donor .   Typica l ly  for K = 5 and p * / p  = 1, t h e  

is =0.1 e V  a s  an t i c ipa t ed   i n   Sec t ion   B .2 .  

r a d i u s   T i s   g i v e n  by 

ion iza t ion   ene rgy  

T h e   m e a n  

which   besomes  r 2 1  = 5 ~ a * ,  for the   su r f ace   donor   g round  state. T y p i c a l l y ,  for  K = 5 and  p * / p  = 1, 
r 2 1  = 13 A.  T h e   l a r g e   r a d i u s ,   c o u p l e d   w i t h   t h e   / a c t   t h a t   t h e   w a v e   f u n c t i o n   v a n i s h e s   a t   t h e   c e n t e r  
of t h e   d o n o r   i o n   c o r e ,   s h o w s   t h a t   t h e   e n e r g y   l e v e l s   a r e   i n s e n s i t i v e  t o  a l o c a l   n o n - C o u l o m b i c  
p o t e n t i a l   c a u s e d   b y   t h e   i o n   c o r e .  Hence ,   fo r   noda l   wave   func t ions   on  a high K c r y s t a l ,   t h e  
Cou lombic   po ten t i a l   func t ion  of S e c t i o n  B.2 seems to be   an   adequa te   app rox ima t ion .  

T h e   m e a n   d i p o l e   m o m e n t  M i s   n o n z e r o   f o r   a l l   s u r f a c e   d o n o r  s ta tes  d u e   t o   t h e   s u r f a c e  a s y m -  
met ry .   I t s   magni tude   for  t h e  2p  ground state i s  

which  for  K = 5 a n d  p * / p  = 1 g i v e s  M , ,  = 43 D e b y e s ;   t h i s   i s   a n   o r d e r  of magn i tude   g rea t e r   t han  
d ipo le   moment s  of d i a t o m i c   m o l e c u l e s .  

4. Discussion 

T h e   p r o p e r t i e s  of a hydrogenl ike  atom p laced   i n   an   e l ec t r i c   f i e ld ,  a magne t i c   f i e ld ,   and  a 
c r y s t a l l i n e   f i e l d   h a v e   b e e n   t h o r o u g h l y   i n v e s t i g a t e d   i n   t h e   l i t e r a t u r e ,   a n d   a r e   h e r e   e x t e n d e d  to a 
d i f fe ren t  s u r f a c e   / i e l d  h a v i n g   t h e   p o t e n t i a l  of Eq. (1). B e c a u s e   o n l y   c e r t a i n   s u r f a c e   d o n o r   w a v e  
f u n c t i o n s   a r e   a l l o w e d ,   t h e   c o n s e q u e n c e s  of a s u r f a c e  effect a r e   p r e d i c t e d  to be  much  more  ex-  
t reme  than   the   S ta rk  or  Z e e m a n  effects which   may   be   hand led  by ordinary  per turbat ion  theory.  
Whether o r  no t   the   fami ly  of s u r f a c e   w a v e   f u n c t i o n s   p r e d i c t e d   h e r e   i s   r e a l i s t i c   i s  a ques t ion   t o   be  
d e c i d e d  by ca re fu l   expe r imen ta l   measu remen t s .   A t   p re sen t ,   t hese   have   no t   been   ca r r i ed   ou t  for 
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t h e   s y s t e m  of a n   i s o l a t e d   d o n o r   a t o m   l o c a t e d  on a s e m i c o n d u c t o r  or a n   i n s u l a t o r   c r y s t a l   s u r f a c e .  
In f r a red   spec t roscopy   wou ld   p robab ly   be   t he   mos t   i n fo rma t ive   expe r imen ta l  tool fo r   t h i s   i nves t i -  
ga t ion .  

I t  is a s i m p l e   m a t t e r  to e x t e n d   t h e   t h e o r y   p r e s e n t e d   h e r e  to r e l a t ed   p rob lems .   An   ex tens ion  
to a c c e p t o r   a t o m s   l o c a t e d   o n   s e m i c o n d u c t o r   s u r f a c e s   s h o w s   t h a t   s i m i l a r   s u r f a c e   e n e r g y   l e v e l s   a r e  
o b t a i n e d ,   b e i n g   o c c u p i e d  by a v a l e n c e   b a n d   h o l e   i n s t e a d  of a n   e l e c t r o n .  An e x t e n s i o n  to d i a t o m i c  
m o l e c u l e s   l o c a t e d  on s e m i c o n d u c t o r   s u r f a c e s   s h o w s   t h a t   a x i a l l y   s y m m e t r i c   Z - b o n d s   a r e   f o r b i d d e n ,  
w h i l e   n - b o n d s   a n d   A - b o n d s   w h i c h   h a v e   t h e   a c c e p t a b l e   p l a n a r   n o d e   p a s s i n g   t h r o u g h   t h e   t w o   n u c l e i  
a r e   a l l owed .  An e x t e n s i o n   t o  a donor   a tom  wi th   two or m o r e   v a l e n c e ' e l e c t r o n s   i s   m o r e   c o m p l i c a t e d ,  
bu t   wou ld   fo l low  the   gene ra l   p rocedure   u sed   fo r   f r ee   a toms   i n   t he   vapor  state. Effects d u e  to donor-  
d o n o r   i n t e r a c t i o n s   c a n  also b e   c o n s i d e r e d ,  if d e s i r e d .   T h e   p r i m a r y   i n t e r a c t i o n  is a d ipole-d ipole  
r epu l s ion   wh ich   t ends  to k e e p   t h e   a d s o r b a t e   a t o m s   e q u i d i s t a n t .   L a r g e   c h a n g e s   i n  a s i n g l e   a t o m ' s  
e n e r g y   l e v e l s ,   d u e  to the   d ipo le   f i e ld   o f   ne ighbor ing   a toms ,   a r e   un l ike ly .  

T h e   l a r g e  dipo!e moment s  of s u r f a c e   d o n o r s   p r e d i c t e d  by the   t heo ry   may   be   u sed   i n   dev ice  
app l i ca t ions   fo r   fo rming   l ow  work   func t ion   su r f aces  or fo r   ex t r ac t ing   t unne l   cu r ren t s   t h rough  a 
th in   insu la tor .  

F i n a l l y ,   t h e   p r e d i c t i o n s   p r e s e n t e d   h e r e   c a n   b e   d e r i v e d   i n  a d i f fe ren t   way  by   choos ing   the  
z - a x i s  to lie i n   t h e   s u r f a c e   p l a n e *   a n d   i n v e s t i g a t i n g   t h e   n o d e s  of t h e  a(+) func t ion   of   Eq .  (7). 
T h i s   a p p r o a c h   a l l o w s   o n e   t o   d e t e r m i n e ,  by i n s p e c t i o n ,   t h a t   t h e   d e g e n e r a c y  of a n   X - s u b s h e l l   i s  
&fold.  

C. GRADUAL DISTORTION OF HYDROGENIC WAVE FUNCTIONS 

T h e   p u r p o s e   o f   t h i s   s e c t i o n  is t o   e x t e n d   t h e   i d e a s  of t h e   l a s t - s e c t i o n  to a more   gene ra l  
p rob lem:   t he   ca l cu la t ion  of hydrogen ic   su r f ace   wave   func t ions   fo r   a rb i t r a ry   su r f ace   a symmet ry   and  
arb i t ra ry   a tomic   po ten t ia l   func t ion .   Such  a g e n e r a l   t r e a t m e n t   a l l o w s   o n e   t o   v i s u a l i z e  a s i t u a t i o n  
w h e r e   s u r f a c e   w a v e   f u n c t i o n   d i s t o r t i o n s   c a n   b e   f o l l o w e d  as s m o o t h   f u n c t i o n s  of s u r f a c e   a s y m m e t r y  
p o t e n t i a l .  

C o n s e q u e n c e s  of t h e s e   d i s t o r t i o n s   a r e   s u r f a c e   t e n s i o n ,   s u r f a c e   d i p o l e   m o m e n t ,   s u r f a c e  
free e n e r g y ,   a n d   c a t a l y t i c   a c t i v i t y .  Fo r  t h e   c e s i u m   o n   i n s u l a t o r  case of p a r t i c u l a r   i n t e r e s t ,   t h i s  
s e c t i o n   d i s p l a y s   t h e   w a v e   f u n c t i o n   d i s t o r t i o n s  of a c e s i u m  atom ground state and  all t h e   e x c i t e d  
states as a d i e l e c t r i c   s u r f a c e  is approached .   More   impor t an t   t han   t he   numer i ca l   ca l cu la t ions   o f  
t h i s   s e c t i o n ,   h o w e v e r ,   a r e   t h e   b r o a d   q u a l i t a t i v e   i n s i g h t s   i n t o   s u r f a c e   p h e n o m e n a .  

1. Surface  Hamiltonian  and  Wave  Function 

C o n s i d e r   a n   i s o l a t e d   p o s i t i v e   i o n   l o c a t e d  at  t h e   s u r f a c e   o f  a nonmeta l l i c   so l id  or l i q u i d .  
T h e   i o n   a t t r a c t s  a v a l e n c e   e l e c t r o n  in a c l o s e d   h y d r o g e n - l i k e   o r b i t  to form a su r face   a tom.  A 
m e t a l l i c   s o l i d   d o e s   n o t   h a v e   c l o s e d   v a l e n c e   o r b i t a l s   a n d  m u s t  be   t r ea t ed   d i f f e ren t ly   u s ing   Wann ie r  
func t ions .  

E n e r g y   l e v e l s  E  of c l o s e d   o r b i t a l s   o n   n o n m e t a l l i c   s o l i d s   c a n   b e   c o m p u t e d  from the   one -  
e l ec t ron   Schrod inge r   equa t ion :  

H $  =E$ (13) 

'W. B. T e u t s c h ,  RCA Labora to r i e s ,   pe r sona l   communica t ion .  
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T h e   H a m i l t o n i a n  H p e r t a i n i n g   t o   t h e   s u r f a c e   i s   i d e a l i z e d   f o r   s i m p l i c i t y  to be: 

where   H,  is a s p h e r i c a l l y   s y m m e t r i c   p a r t   a n d  W- i s   a n   a s y m m e t r i c   p a r t   d u e  to a “ s u r f a c e   w a l l , ”  
i d e a l i z e d  as  a s t e p   f u n c t i o n :  

w-= { 0 f o r z > O  

W for  z .< 0 

T h e   c o o r d i n a t e  z i s   c h o s e n   n o r m a l  to t h e   s u r f a c e   s u c h   t h a t   t h e   h a l f - p l a n e  z > 0 i s   i n s i d e   t h e  
ma te r i a l   where   t he   wa l l  W- v a n i s h e s .   T h e   o t h e r   h a l f - p l a n e  z < 0 lies ou t s ide   t he   ma te r i a l   where  
t h e   w a l l   i s   n o n z e r o   a n d   c o n s t a n t .   T h e   w a l l   r e p u l s i v e   p o t e n t i a l   w i l l   b e   a l l o w e d  to   vary  over   the 
e n t i r e   r a n g e  0 < W < m. A ske tch   o f   t he   po ten t i a l   func t ion  V a s s o c i a t e d   w i t h  H i s   g i v e n   i n   F i g .  3 .  

t v  

F i g .  3. Idealized  potential  function  of  a  hydrogenic  atom 
iocated  in  the  surface  plane  z = 0. W represents  a 
step  function  which  is  constant  for  negative z. 

T h e   w a v e   f u n c t i o n  $ per t a in ing   t o   t he   su r f ace   a tom  bond ing   o rb i t a l  is c h o s e n   t o   b e   t h e  
s u m  of a s y m m e t r i c   a n d   a n   a s y m m e t r i c   p a r t :  

H e r e  is a s p h e r i c a l l y   s y m m e t r i c   w a v e   f u n c t i o n   ( s u c h  a s  a 1s h y d r o g e n i c   f u n c t i o n )   s a t i s f y i n g  
t h e   e i g e n v a l u e   e q u a t i o n   f o r  W = 0 

9 



and $I; is a n   a s y m m e t r i c   n o d a l   w a v e   f u n c t i o n   ( s u c h  as o n e   l o b e   o f  a 2p hydrogenic   func t ion)  
de f ined   by   t he   s t ep   func t ion  

$2  for  z 2 0  

0 for z 2 0  
$I; = 

T h i s   f u n c t i o r .   s a t i s f i e s   t h e   e i g e n v a l u e   e q u a t i o n   i n   t h e   l i m i t  a s  W- -+ m 

The   a symmet r i c   na tu re  of t h e   w a v e   f u n c t i o n   c o m p l e t e l y   a v o i d s   t h e   i n f i n i t e   a s y m m e t r i c   p o t e n -  
t i a l  W- SO t h a t   t h e r e   e x i s t s  a bound   su r face  state even   though W --t -. A s y s t e m a t i c   i n v e s t i g a t i o n  
o f   t h e   p r o p e r t i e s   o f   a l l o w e d   w a v e   f u n c t i o n s  $; h a s   a l r e a d y   b e e n   c a r r i e d  O u t  i n   Sec t ion  B. for  
t h e  case of a Cou lombic  H,. T h e   p r o b a b i l i t y   c o e f f i c i e n t s  c 1  a n d  c 2  a r e   f u n c t i o n s  of w and   w i l l  
b e   c a l c u l a t e d   l a t e r .  

T h e r e   a l s o   e x i s t   a n t i b o n d i n g   s u r f a c e  states d e f i n e d  by t h e   w a v e   f u n c t i o n s  

which by de f in i t i on   canno t   avo id   t he   wa l l   r epu l s ive   po ten t i a l   and   r ep resen t   an   ene rgy  E, which  
a p p r o a c h e s   i n f i n i t y   a s  W d o e s .  

T h e   e x p a n s i o n   o f  $ in   Eq .  (16) in to   two   componen t s   r ep resen t s   on ly   an   approx ima t ion   t o  
t h e   t r u e   w a v e   f u n c t i o n   s a t i s f y i n g  H. With p a r t i c u l a r   c h o i c e s  of $1 a n d  $;, however ,   t he   hybr id  
energy  states a r e   p r a c t i c a l l y   c o r r e c t   n e a r   t h e   l i m i t i n g  cases of W = 0 a n d  W = m, r e s p e c t i v e l y .  In 
t h e   i n t e r m e d i a t e  case 0 < W < m, t he   accu racy  of t h e   c a l c u l a t i o n   c a n   b e   i m p r o v e d  by c o n s i d e r i n g  
more   func t ions   o f   the  $1 a n d  $; t y p e .   T h e   g r o s s   i d e a l i z a t i o n   o f   t h e   w a l l   p o t e n t i a l  W-, h o w e v e r ,  
d o e s   n o t   j u s t i f y  a m o r e   e l a b o r a t e   e x p a n s i o n   t h a n   t h a t   g i v e n   i n   E q .  (16). T h e   g r o u n d   s t a t e   a n d   a l l  
e x c i t e d  states of $ wi l l   be   cons ide red   i n   de t a i l  for a C o u l o m b i c  H ,  in   Sec t ion   C.3 .  

2. Variational  Calculation 

To minimize E for   arbi t rary W t h e   s t a n d a r d   v a r i a t i o n a l   t e c h n i q u e   i s   a p p l i e d   t o   E q .  (13) 
y ie ld ing   the  set of r e l a t i o n s :  

( H l l  - E )  c1 + (H12 - AE) c 2  = 0 ( 2 1 4  

where   the   normal iza t ion   i s ,   wi th  i ,  j = 1, 2 

1 f o r i  = j 

A f o r i  f j  
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a n d   t h e   e x p e c t a t i o n   v a l u e  of the   Hami l ton ian  is 

s u c h   t h a t  

H , ,  = E l  + - W 
2 

H 2 2  = E2 

H 1 2  = H 2 ,  = AE,  

B e c a u s e  of t h e   u n u s u a l   p r o p e r t i e s  of t h e   s t e p   f u n c t i o n s  I); a n d  W-, a f e w   c o m m e n t s   a r e   n e c e s s a r y  
to s h o w   h o w   t h e  H . .  t e rms  are de r ived .  H , ,  is d e r i v e d   b y   u s i n g   t h e   e i g e n v a l u e   e q u a t i o n   f o r  I), 
(Eq- 17);   the  coeff:Lient  1/2 of W is n e c e s s a r y   b e c a u s e  W- i s   n o n z e r o   o n l y   o v e r   h a l f - s p a c e .  H,,  
i s  not d e r i v e d  from a n   e i g e n v a l u e   e q u a t i o n .   R a t h e r ,  H,, i s   m e r e l y   t h e   e x p e c t a t i o n   v a l u e  of H i n  
the  state of $;. T h e  cross  t e rms  H, , a n d  H,, a r e   e q u a l   a n d   a r e   d e r i v e d  by opera t ing   wi th  H o n  

I),, t h e   s a m e   r e s u l t   i s   o b t a i n e d ,   b u t   w i t h   t h e   c o m p l i c a t i o n  of a n o n v a n i s h i n g   d e l t a   f u n c t i o n   c o n t r i -  
bution at t h e   o r i g i n   d u e  to the   k ine t i c   ene rgy   t e rm V2 $;. 

fo rwards   and   backwards ,   r e spec t ive ly ,   u s ing  Eqs. (17) and  (22).  If H i s   a l l o w e d  to o p e r a t e   o n  

To s o l v e   f o r   t h e   e n e r g y  E i t  i s   c o n v e n i e n t  to i n t r o d u c e  a d i m e n s i o n l e s s   e n e r g y  E of t h e  
bound s ta te  E, a n d  a d i m e n s i o n l e s s   e n e r g y  w of the   wa l l  W, a s  fo l lows :  

S ince   a l l   bound  state e n e r g i e s  E, E a n d  E, are n e g a t i v e ,   t h e   q u a n t i t i e s  (E, - E l )   a n d   ( E - E , )  
are p o s i t i v e ,  so t ha t  t a n d  w a r e   p o s i t i v e .   T h e   s e c u l a r   d e t e r m i n a n t   t h e n   b e c o m e s  1.’ 

a n d   t h e   d i m e n s i o n l e s s   b i n d i n g   e n e r g y  is 

€ =  
w + l -  J(w-1),  + 4 A 2 0  

2(1 - A,) 

wh ich  is p lo t t ed  a s  a func t ion  of w i n  Fig. 4 for  a s e l e c t e d   p a r t i c u l a r   v a l u e  (Sect. C.3.) of 
A = 0.296. T h e   f i g u r e   s h o w s   t h a t  E - w n e a r  w = 0 a n d   t h a t  E + 1 as  w --f 00. Actua l ly ,   fo r  w = 2,  
t h e   d i m e n s i o n l e s s   e n e r g y .   b e c o m e s  6 = 0.94 so t h a t  a s  f a r  a s  t h e   e n e r g y   l e v e l s   a r e   c o n c e r n e d ,   a n  
“ i n f i n i t e   w a l l ”   o c c u r s   w h e n  w > 2. 

T h e  effect of g r a d u a l l y   “ t u r n i n g   o n ”   t h e   w a l l   p o t e n t i a l   i s   s e e n  to b e  a g r a d u a l   r a i s i n g  of 
t h e   e n e r g y   l e v e l s  of s u r f a c e   a t o m   v a l e n c e   e l e c t r o n s .   T h i s  effect a c t u a l l y   o c c u r s  as  e v i d e n c e d   b y  
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the increase in free  energy when a new surface i s  exposed.  “Dangling  electron  bonds”  can be 
visualized  as hydrogen-like orbitals forced to occupy  high  energy states  due to t h e  surface 
asymmetry.  Energy is  released when symmetry i s  restored. These conclusions  are  independent of 
the precise forms of H, and W-. 

1.01 I I I I I I I I I I I I 

I I 1 I I I I I I I I I - .- 
0.0 0.4  0.8 I .2 I .6 2.0  2.4  2.8 3.2 

Fig.  4. Dimensionless  energy E and  dipole  moment M, plotted  versus 
dimensionless  wall  potential o. A s  o increases  to  infinity, 

E and M, both  increase  and  approach  unity. 

By combining Eqs.  (21)  and  (27)  the wave  function coefficients  are  calculated to be 

c1 = E A  

J ( ~ - E ) ~  (1-A2) + A 2  

c 2  = 1- E 

J ( ~ - E ) ~  (1 -A2)  + A 2  

and are  plotted a s  functions of o in Fig. 5 for A = 0.296. 

The  changing  valence bond character  can be inferred from this  figure  using  simple  con- 
cepts of physical  chemistry.  The  coefficient c: qualitatively  represents the  fraction of covalent 
character  because  is a symmetrical wave  function characteristic of a covalent bond. The 
coefficient c: qualitatively  represents the  fraction of ionic  character  because $; is an asymmetric 
wave  function characteristic of an ionic bond. Finally, the  coefficient  2Ac,c, = 1 -c:  -c:  quali- 
tatively  represents  the  ionic-covalent  resonance  contribution to t h e  bond character. 
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Fig.  5. 

T h e s e   c o e f f i c i e n t s  

0.4 0.8 I .2 I .6 2.0 2.4 2.8 
w 

Fractional  bond  character  variation  with  wall  potential. 
c 1  = covalent  f ract ion.  2 

c$  = ion ic   f rac t ion .  

2 c l c 2 A  = resonance  f ract ion.  

a r e  also u s e f u l   f o r   c a l c u l a t i o n  of t h e   s u r f a c e   d i p o l e   m o m e n t ,  
M = eJ$*z$dr ,   wh ich ,   when   expanded   y i e lds  

An   exp l i c i t   c a l cu la t ion  of M c a n   b e   m a d e  if t he   func t ions   and  $; a r e   r e a s o n a b l y  esti- 
m a t e d .   O n e   s i m p l e   e s t i m a t e  of $l  a n d  $; c a n   b e   m a d e   w h e n  H, i s   t a k e n  to b e   C o u l o m b i c  a s  s h o w n  
below.  

3. Appl i ca t ion  to a Coulombic  Hamiltonian 

Many of t h e   r e s u l t s  of t h e   p r e c e d i n g   g e n e r a l   t r e a t m e n t   w i l l   b e c o m e   c l e a r e r  if a pa r t i cu la r  
s i n g l e   e l e c t r o n   H a m i l t o n i a n  H, is d i s c u s s e d   i n   d e t a i l .  For t h i s   p u r p o s e   w e   c h o o s e  a Cou lombic  
Hami I ton ian  

where  p* is a n   e f f e c t i v e   e l e c t r o n   m a s s   a n d  K is a d i e l e c t r i c   c o n s t a n t .   O t h e r   H a m i l t o n i a n s   p o s -  
s e s s i n g   b o u n d  states wou ld   y i e ld   qua l i t a t ive ly   s imi l a r   conc lus ions .  

T h e   e i g e n f u n c t i o n s  of H, + W- i n   t h e   l i m i t  of W + 0 a r e  of t h e   s y m m e t r i c   t y p e   a n d   a r e  
l a b e l l e d  $ .e ( r , O , + )  where   n ,  4 ,  a n d  m a r e   t h e   u s u a l   h y d r o g e n i c   q u a n t u m   n u m b e r s .   T h e   s p h e r i c a l  

n m  
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coordinates r, 8, and 4 are  oriented  such that   the  vector 8 = 0 points  into  the  material  and the 
plane 8 = n/2 l ies  in the surface  plane.  Energy  levels E,, are  given by 

where E, i s  the  Bohr energy, 13.6 eV. Wave functions of a constant 4 subshell  are (24 + l)-fold 
degenerate,  and of a constant n shell  are  2n2-fold  degenerate,  including  spin up and down. Energy 
levels with fine  splitting of the  degenerate  levels  greatly  exaggerated  are  shown  at  the l e / t  of 
Fig. 6 corresponding to W = 0. The  three  symbols  labeling t h e  levels refer to n ,  I!,, and m quantum 
numbers, respectively, and the  notations m andm refer to plus  and minus z components of angular 
momentum. 

2!TJ/-A 
2{ 200 210 

””” r 210+ 2 

n =  I 

F i g .  6. Variation of Coulombic  energy  levels  as the wal l   potent ial   is   turned on. 
Degeneracy of constant  n  shells  is  greatly  exaggerated t o  show  splitting 
into  bonding  states on the right  side of the figure  and  antibinding  states 
are  shown  as  arrows  pointing  to  the  crystal  continuum. 
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T h e   b i n d i n g   e i g e n f u n c t i o n s  of H, + W- i n   t he   l imi t  of W -f - a r e  of t h e   a s y m m e t r i c  $; 
t y p e   a n d   a r e   l a b e l l e d  $:xm(r,8,+). T h e s e   f u n c t i o n s  all v a n i s h   i n   t h e   n e g a t i v e   h a l f   p l a n e  

n/2 < 8 < T w h e r e   t h e   w a l l   i s   l o c a t e d ,   a n d   h a v e   p l a n a r   n o d e s  at 8 = n/2 .  T h e   s e l e c t i o n   r u l e   f o r  
p l a n a r   n o d e s  is 4 + m = odd .   I t   f o l lows   t ha t   wave   func t ions  of a c o n s t a n t  n s h e l l   a r e  4 -fold 
d e g e n e r a t e ,   a n d   o f  a c o n s t a n t  n she l l   a re   n (n-1)   fo ld   degenera te ,   inc luding   sp in-up   and   -down.  
E n e r g y   l e v e l s   w i t h   e x a g g e r a t e d   d e g e n e r a c y   a r e   s h o w n  at t h e  r i g h t  of F i g .  6, c o r r e s p o n d i n g  to 
W -, -. T h e r e   a r e ,  of c o u r s e ,   a n   e q u a l   n u m b e r  of an t ibond ing   e igen func t ions   l abe l l ed  $- ( r , O , + ) ,  
b u t   t h e i r   e n e r g y   l e v e l s   b l e n d   i n t o   t h e   m a t e r i a l   c o n t i n u u m   a n d   c a n n o t   b e   s h o w n   i n   F i g .  6. n 8 m  

To c o m p l e t e   F i g .  6, t h e   e i g e n f u n c t i o n s  $ m u s t   b e   s e l e c t e d   f o r   a n  ~ r b i t ~ a r y  W b e t w e e n   t h e  
limits of 0 and  m. In   acco rdance   w i th   Eq .  (16) w e  select a l inea r   combina t ion  of w a v e   f u n c t i o n s ,  
one   f rom  the  left of F i g .  6 and   one   f rom  the   r i gh t .   Two   p l aus ib l e   a rgumen t s   po in t  to a u n i q u e  
s e l e c t i o n   p r o c e d u r e .   F i r s t ,   t h e   p r e s e n c e   o f  W w h i c h   i s   a x i a l l y   s y m m e t r i c   c a n n o t   p e r t u r b   t h e   q u a n -  
tum  number m ,  so  c o n n e c t i n g   l i n e s   s h o u l d   b e   d r a w n   w i t h   c o n s t a n t  m. S e c o n d ,   i t   i s   m o s t   l i k e l y  
tha t  states c o m b i n e   w h i c h   h a v e   t h e   s a m e   n u m b e r  of r a d i a l   n o d e s .   T h u s ,   c o n n e c t i n g   l i n e s   s h o u l d  
h a v e   c o n s t a n t   ( n  -4).  Bound states are   formed  when 4 + m   i s   o d d :  

U s i n g   t h e s e   r u l e s ,   c o n n e c t i n g   l i n e s   i n   F i g .  6 indica te   how  the   bound states vary   in   energy   over  
t h e   e n t i r e   r a n g e  of W. T h e   s m a l l   a r r o w s   i n   F i g .  6 ind ica t e   t ha t   an   i den t i ca l   number   o f   unbound  
states p a s s   i n t o   t h e   c r y s t a l   c o n t i n u u m .  

I f  t h i s   v e r y   s i m p l e   s c h e m e   i s   o b s e r v e d ,   t h e n   a l l   b o u n d   a n d   u n b o u n d  states are a c c o u n t e d  
for. A s  f a r  as  the   bound states a r e   c o n c e r n e d ,   t h e  effect of t h e   s u r f a c e   p o t e n t i a l  W i s  to i n c r e a s e  
the   quan tum  numbers  n and  4 by o n e   u n i t   e a c h   a n d   t h u s  to reduce   the   b inding   energy   of   the   g round 
state a n d   a l l   e x c i t e d  states. 

I l l u s t r a t i o n s  of + as f u n c t i o n s  of W a re   s chemat i ca l ly   d rawn   i n   F ig .  7 for  a few of t h e  
l o w e s t   s t a t e s .   A t   t h e   l e f t  is the   l imi t  W = 0, a t  t h e   r i g h t   i s   t h e   l i m i t  W = m,  a n d   i n   t h e   c e n t e r   i s  
an   i n t e rmed ia t e  W.  A s  W i n c r e a s e s ,   t h e   w a v e   f u n c t i o n s   a r e   f o r c e d   i n t o  the  i n t e r i o r  of the   mater ia l  
with n o  n e w   r a d i a l   n o d e s   a r i s i n g ,   l i k e   a n   e l a s t i c   j e l l y .   T h e   e l a s t i c   j e l l y   i s ,   i n   f a c t ,  a c l o s e  m e -  
c h a n i c a l   a n a l o g y ,   s i n c e   t h e   p r e s e n c e  of a f r e e   s u r f a c e   i s   k n o w n  to i n c r e a s e   t h e   f r e e   e n e r g y  of the  
mater ia l .  

T h e   e n e r g y   a n d   t h e   d i p o l e   m o m e n t   a s s o c i a t e d   w i t h   e a c h   l i n e   i n   F i g .  6 for  arbitrary W c a n  
be   computed   f rom  Eqs .  (27) a n d  ( 2 9 ) ,  provided  K ,  p * / p ,  E,,  E,  and  A a r e   s p e c i f i e d .  A s  a par t icu-  
l a r   example ,   cons ide r   t he   g round  s ta te  c o m p o s e d  of the   no rma l i zed   wave   func t ions  

I 

w h e r e  
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and a, is the f i r s t  Bohr radius, 0.53 x. The energy  difference  becomes (E2 -El)  = ( 3 / 4 )  e2/2,a*, 
and the overlap  integral  becomes A = 0.296. This  value of A was  used to construct  Fig. 4. 

Fig.  7. Variation  of  three  wave  functions  as  the  wall  potential 
is  turned  on.  Wall  squeezes  wave  functions  into the 
dielectric  with  no  new  radial  nodes  arising. 

M = 15 e a E c $ +   - e a * , c  2 56 c A 
g 4  243 1 2  

which can be expressed in conventional Debye units (lo-'' esu-cm)  as 

I t  i s  convenient to define a dimensionless ground state  dipole moment, M, = Mg/(9.54 K p * / p ) ,  
which can  also be plotted in Fig. 4 as  a function of dimensionless wall  energy a. 

Thus ,  the details of surface phenomena on dielectric  materials  can be explicitly  calculated 
for  ground s ta tes  and also  excited  states without adjustable  parameters. 

4. Appl icat ion  to  Cesium on Insulators 

I t  i s  of interest to use the  formalism developed  here to compute the extent to which a 
surface  cesium atom occupies a I s  or a 2p ground state.  The  criterion for whether  the  cesium will 
be  in the 2p ground s ta te   i s  whether  the  wall  potential is  large compared to the  binding  energy. 
A s  seen from Fig. 2 ,  the 2p state  is  essentially  attained when o 2 2. 
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To c o m p u t e  o fo r   ce s ium  on   s apph i re ,   e s t ima te   K=9   and  p/p* = l .   T h e n  E, 7 13.6/g2 = 0.168eV 
a n d  E, = E,/4 = 0 . 0 4 2   e V .   T h e   w a l l   p o t e n t i a l  GJ i s   e s s e n t i a l l y   t h e   e l e c t r o n   a f f m l t y  x >_ 1 eV. For 
ces ium  on   s apph i re ,   t hen  

a 1  1 
2 x (0.168 - 0.042) 

= 4.0 

so the   g round state w o u l d   e s s e n t i a l l y   b e  a 2 p   n o d a l   w a v e   f u n c t i o n   w i t h   o n e   l o b e .  A s i m i l a r  cal- 
c u l a t i o n   s h o w s   s i m i l a r   r e s u l t s   f o r   a l u m i n a   a n d   g l a s s   s u b s t r a t e s   w h e r e  K = 5-9. T h e   f o l l o w i n g  
c a l c u l a t i o n s   w i l l   t h e r e f o r e   b e   b a s e d   o n   2 p   c e s i u m   w a v e   f u n c t i o n s  for t h e   s u r f a c e   g r o u n d  state. 

D. THEORY OF TUNNELING C O N D U C T I V I T Y  

U s i n g   t h e   d o n o r   w a v e   f u n c t i o n s  of S e c t i o n s  B. a n d  C., i t  is p o s s i b l e  to e x p l i c i t l y   c a l c u -  
l a t e   e l e c t r i c a l   c o n d u c t i v i t y .   T h e   c o n d u c t i v e   m e c h a n i s m   c o n s i d e r e d   h e r e   i s   e l e c t r o n i c   t u n n e l i n g  
be tween   su r f ace   donor   a toms .   Tunne l ing ,   hopp ing ,   and   quan tum  mechan ica l   r e sonance   a r e   a l l  
t e rms   t ha [   w i l l   be   u sed   i n t e rchangeab ly  to d e s c r i b e   t h e   s a m e   p r o c e s s .  

Most of t h e   d e r i v e d   e q u a t i o n s   c o n t a i n   o n l y   f u n d a m e n t a l   c o n s t a n t s   s u c h  as  P l a n c k ’ s   c o n -  
s t a n t ,   u n i t   e l e c t r i c   c h a r g e ,   a n d   e l e c t r o n   m a s s .   O t h e r   d e r i v e d   e q u a t i o n s   c o n t a i n   m a t e r i a l   c o n s t a n t s  
s u c h  as  i o n i c   r a d i u s ,   i n t e r a t o m i c   s p a c i n g   a n d   a t o m i c  mass. T h e   m a t e r i a l   c o n s t a n t s   a r e   o n l y   n e c -  
e s s a r y   i n   t h e   c a l c u l a t i o n  of p h o n o n   e n e r g i e s .   T h e   a p p r o a c h   t a k e n   h e r e   i s   u n i q u e   i n   t h e   s e n s e   t h a t  
c o n d u c t i v i t y   c a n   b e   t h e o r e t i c a l l y   c a l c u l a t e d  a p r i o r i ,  without   referr ing to conduc t iv i ty   da t a .   P re -  
d i c t ions   made   i n   t h i s   t heo re t i ca l   s ec t ion   ag ree   ve ry   we l l   w i th   t he   expe r imen ta l   da t a  as  shown   in  
l a t e r   s e c t i o n s .  

1. Tunnel ing  Equat ion 

C o n s i d e r  a l i n e  of d o n o r s   o n   a n   i n s u l a t o r   s u r f a c e  as schemat i ca l ly   shown   in   F ig .  8a. 
Donor   wave   func t ions   a r e  of the   2p   noda l   t ype ,   pene t r a t ing   i n to   t he   i n su la to r .  

.ION CORE 

ODE 

P 

Fig. 8. Conduction  due to a line of donor atoms on a surface. 
(a)  Wave  functions. 
(b) Energy  states  as a function  of  position.  Wavy  lines 

indicate   phonon  t ransi t ions  which  d iss ipate   e lectr ica l  
energy. 
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I n   t h e   a b s e n c e  of a n   a p p l i e d   e l e c t r i c   f i e l d   e l e c t r o n s   c a n   f r e e l y   t u n n e l   f r o m   o n e   d o n o r  to 
ano the r ;   e l ec t ron ic   mo t ion  is r a n d o m   a n d   i s o t r o p i c .   T h e r e  is no   d r i f t   cu r ren t .  

I n   t h e   p r e s e n c e  of a n   a p p l i e d   e l e c t r i c   f i e l d  a d r i f t   c u r r e n t   m u s t   a p p e a r .   T h i s   c u r r e n t  is a 
s m a l l   p e r t u r b a t i o n   a d d e d  to t h e   r a n d o m   t u n n e l i n g   m o t i o n .   A t   t h e   p r e s e n t   t i m e ,   c o n c e p t s  of tunne l  
d r i f t   cu r ren t   a r e   poor ly   unde r s tood .   One   ve ry   s imple   equa t ion   fo r   t unne l   d r i f t   cu r ren t   has   been  
d e r i v e d   b y   A r n o l d   a n d   P a t t e r s o n , 1 4   b u t  i t  h a s   t h e   c o n c e p t u a l   w e a k n e s s   t h a t  i t  c o n t a i n s   t h e   t h e r m a l  
e n e r g y   k T .   T u n n e l   c o n d u c t i v i t y   a n d   f i e l d   e m i s s i o n   a r e   q u a n t u m   m e c h a n i c a l   p r o c e s s e s   w h i c h   s h o u l d  
b e   t e m p e r a t u r e   i n d e p e n d e n t ,  to a f i r s t   approximat ion .  

T h e   p u r p o s e  of the   de r iva t ion  to fol low is to m o d i f y   t h e   b a s i c   i d e a  of A r n o l d   a n d   P a t t e r s o n  
by e s s e n t i a l l y   r e p l a c i n g   k T  by t h e  lattice phonon   ene rgy  E . T h e   d e r i v e d   e q u a t i o n  is still n o t  
r igorously  t rue,   but  i t  h a s   t h r e e   a d v a n t a g e s :  i t  is very  s imp7e to app ly  to e x p e r i m e n t a l   d a t a ,  i t  is 
t empera tu re   i ndependen t ,   and  i t  r e s t s  on a more   s ecu re   founda t ion   t han   t he   equa t ion  of Arnold   and  
P a t t e r s o n .  

To c a l c u l a t e   t h e   d r i f t   c u r r e n t   b e t w e e n   t w o   a d j a c e n t   d o n o r s   i n   t h e   f i e l d   d i r e c t i o n ,   t h e  fol- 
l o w i n g   r e l a t i o n s h i p  is use fu l :  

(d r i f t   cu r ren t )  = ( random  cur ren t )  x (d r i f t   p robab i l i t y )   (38 )  

T h e   r a n d o m   c u r r e n t   c a n   b e   w r i t t e n  a s  

( random  cur ren t )  = e E , / h   ( 3 9 )  

w h e r e  e is t h e   u n i t   e l e c t r i c   c h a r g e ,  E, is the   t unne l ing   ene rgy   (dependen t   on   donor   spac ing )   and  
h is P l a n c k ’ s   c o n s t a n t .   T h e   r a t i o   E , / h  is the   f r equency  of random  tunnel ing.  

T h e   d r i f t   p r o b a b i l i t y  is a more   d i f f i cu l t   concep t  to a p p l y . 1 4   I f   o n e   r e c o g n i z e s   t h a t   a l l  
e l e c t r o n s   i n   t h e   d r i f t   c u r r e n t   e v e n t u a l l y   d i s s i p a t e   e n e r g y ,   t h e n   t h e   d r i f t   p r o b a b i l i t y   s h o u l d   n e a r l y  
e q u a l   t h e   e n e r g y   d i s s i p a t i o n   p r o b a b i l i t y ,  so t h a t  

(d r i f t   p robab i l i t y )  = eV,/E, (40 )  

where   eV ,  is t h e   p o t e n t i a l   e n e r g y   a c q u i r e d   b e t w e e n   a d j a c e n t   d o n o r s ,   a n d  E, i s   t h e   p h o n o n   e n e r g y  
which is r e s p o n s i b l e   f o r   e n e r g y   d i s s i p a t i o n   i n   q u a n t u m   p r o c e s s e s .   A r n o l d   a n d   P a t t e r s o n   ( e r r o n e o u s l y )  
u s e d   k T   i n s t e a d  of E, i n   t h e   a b o v e   e x p r e s s i o n .   T h e   t e r m  V, is normal ly   very   smal l  (- V), 
b e i n g   e q u a l  to the   app l l ed   vo l t age   (no rma l ly  % 1 V) d i v i d e d  by the   number  of donors   i n  a l i n e  
(normally - IO6). S i n c e  E is normally - e V ,   t h e   d r i f t   p r o b a b i l i t y  is n o r m a l l y   c a l c u l a t e d  to 
b e  - T w o   i m p o r t a n t   f i m i t i n g  cases a r i s e :   w h e n   e V ,   v a n i s h e s ,   t h e   d r i f t   v a n i s h e s ;   a n d   w h e n  
e V a   e q u a l s  E e a c h   t u n n e l i n g   e l e c t r o n   l i b e r a t e s  a phonon to t h e   s u b s t r a t e  lattice. T h e   p r o d u c t i o n  
of p h o n o n s   i s   I n d i c a t e d  by t h e   w a v y   l i n e s   i n   F i g .   8 b .   I n   e s s e n c e ,   t h e   p h o n o n   t r a n s i t i o n s  act as  
m e c h a n i c a l   r a t c h e t s   s i n c e   t h e y   r e s t r i c t   e l e c t r o n s  to d r i f t   o n l y   i n   o n e   d i r e c t i o n .  

By   combin ing   Eqs .  ( 3 8 ) - ( 4 0 )  t h e   i n t e r a t o m   d r i f t   c u r r e n t   b e c o m e s  

P.’ 

e 2 E , V ,  i ,  = ~ 

h E P  
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T h e   i n t e r a t o m   c o n d u c t i v i t y  is t h e n   g i v e n  by 

N o t e   t h a t  g, is Ohmic  (i.e.,  g a  is i n d e p e n d e n t  of VJ. If a s q u a r e  lattice of d o n o r s  is a s s u m e d ,  
t h e n   g ,   e q u a l s   t h e   c o n d u c t i v i t y   p e r   s q u a r e  go. T h e   d e s i r e d   r e l a t i o n s h i p   b e t w e e n   t h e   m e a s u r a b l e  
quan t i ty  g, a n d   t h e   a t o m i c   p a r a m e t e r s  E, a n d  E, is the re fo re  

e2Et  
go = - 

hEP 

or 

g o  = 0.385 X E,/Ep m h o s / s q u a r e  

(43 )  

(44 )  

I t   s h o u l d   b e   r e c o g n i z e d   t h a t   t h e   h y p o t h e t i c a l   s q u a r e  lattice of s u r f a c e   d o n o r s  is n o t   r e l a t e d  to the  
s u b s t r a t e   l a t t i c e  at  a l l ;   i n s t e a d ,   t h e   d o n o r  lattice v a r i e s   c o n t i n u o u s l y  as  t h e   d o n o r   c o v e r a g e   v a r i e s .  
T h e   d o n o r   l a t t i c e   m e r e l y   e x p r e s s e s   t h e   i d e a   t h a t   i n t e r d o n o r   r e p u l s i v e   f o r c e s   a r e   e f f e c t i v e   i n  es- 
t a b l i s h i n g  a more  uniform  dis t r ibut ion of donors   than   i f   the   donors   were   in   the   random  pos i t ions .  

E x p l i c i t   c a l c u l a t i o n s  of the   t unne l ing   and   phonon   ene rg ie s ,  E,  and  E,, a r e   g i v e n   b e l o w .  
N o t e   t h a t   e 2 / h   i s  a f u n d a m e n t a l   c o n s t a n t   h a v i n g   t h e   d i m e n s i o n s  of conduc t iv l ty .  

2. Tunneling  Energy 

T h e   s i m p l e s t   a n d   m o s t   c a r e f u l l y   s t u d i e d   s y s t e m   e x h i b i t i n g   e l e c t r o n   t u r ~ n e l i n g ’ ~ ~ ’ ~  is the  
hydrogen   molecule  ion H t .  T h e   s i n g l e   e l e c t r o n   c a n   b e   l o c a t e d   e i t h e r   a b o u t   o n e   n u c l e u s  or  t h e  
o t h e r ,   b u t   b e c a u s e   e a c h  of t h e   l o c a t i o n s   i s   e q u a l l y   p r o b a b l e ,   t h e   e l e c t r o n   r e s o n a t e s ,  o r  t u n n e l s ,  
be tween   t he   two   nuc le i .   The   t unne l ing   f r equency  u t  a s s o c i a t e d   w i t h   t h e   p r o c e s s   h a s   a n   a s s o c i a t e d  

E, g iven  by E, = hv,.  For  H t ,  t h e   t u n n e l i n g   e n e r g y   ( a l s o   c a l l e d   t h e   e x c h a n g e  or 
. .  
is g iven  by 

tunne l ing   ene rgy  
r e s o n a n t   e n e r g y )  

w h e r e  $*(r) and  $(L - r )  a r e  I s  h y d r o g e n i c   w a v e   f u n c t i o n s   c e n t e r e d   a b o u t   l o c a t i o n s  0 a n d  L, 
r e s p e c t i v e l y .   E s s e n t i a l l y ,  E,  i s   t h e   C o u l o m b   e n e r g y   e 2 / , r   a v e r a g e d   o v e r   t h e   r e s o n a n t   w a v e   f u n c -  
t ion   p robabi l i ty ,  $(r) $(L - r ) .  

A r n o l d   a n d   P a t t e r s o n 1 4   h a v e   u s e d   E q .  ( 4 5 )  to s u c c e s s f u l l y   e x p l a i n   c e r t a i n   t u n n e l i n g  
phenomena   i n   a lka l i - ammonia   so lu t ions .  In pa r t i cu la r ,   t hey   i nco rpora t ed  1s hydrogenic   g round 
states f o r   t h e   a l k a l i   a t o m s .  

To u s e  Eq .  ( 4 5 )  i n   s u r f a c e   t u n n e l i n g   p h e n o m e n a   t h e   w a v e   f u n c t i o n s   i n   t h e   g r o u n d  state 
m u s t   b e  of the   2p   t ype .   Tunne l ing   i n t eg ra l s  of two  a toms   w i th   pa ra l l e l   2p   wave   func t ions   have  
f o r t u n a t e l y   b e e n   e x p l i c i t l y   c a l c u l a t e d  by K o p i n e c k . ’ 6 t ’ 7   T h e   m o l e c u l a r   d e s i g n a t i o n  of the   ove r l ap  
i s   c a l l e d  TI -  n o v e r l a p ,   m e a n i n g   t h a t   o n e   n o d a l   p l a n e   p a s s e s   t h r o u g h   t h e   t w o   n u c l e i .   B e c a u s e  of 
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t h i s   n o d a l   p l a n e ,   K o p i n e c k ’ s   t u n n e l i n g   i n t e g r a l ,   w h i c h   h e  calls Jsrsr, is i d e n t i c a l  to t w i c e   h i s  
i n t e g r a l   t a k e n   o v e r   o n l y   o n e   h a l f - p l a n e .   B u t   s i n c e   t h e   g r o u n d  state s u r f a c e   w a v e   f u n c t i o n s   h a v e  a 
d F  norma l i za t ion   (Sec t ion  B.2$,  Kopineck’s J rrr( i s   f o r t u n a t e l y   e q u a l  to t h e   s u r f a c e   t u n n e l i n g  
energy  of Eq.  (45). T h i s   a l l o w s   E q .  (45)  to be   wr i t t en   i n   expanded   fo rm as 

H e r e  a i s  a d i m e n s i o n l e s s   i n t e r d o n o r   s p a c i n g   p a r a m e t e r ,   d e p e n d e n t   o n   d o n o r   c o v e r a g e .  To b e  
p r e c i s e ,  u is d e f i n e d  as 

w h e r e  L is t h e   i n t e r d o n o r   s p a c i n g ,  K is t h e   d i e l e c t r i c   c o n s t a n t ,  a, is t h e   f i r s t   B o h r   r a d i u s ,   a n d  
p * / p  is the   r a t io  of e f f e c t i v e  to f r e e   e l e c t r o n   m a s s .  

I f  a s q u a r e  lattice of s u r f a c e   d o n o r s   i s   a s s u m e d   ( s e e   p a r t  D . l J ,  t h e  L h a s  a s i m p l e  
r e l a t i o n s h i p  to t h e   d o n o r   s u r f a c e   c o v e r a g e .   T h e   r e l a t i o n s h i p   f o l l o w s   b e c a u s e   t h e   d e n s i t y  of 
d o n o r s   p e r   u n i t   s u r f a c e   a r e a   c a n   b e   w r i t t e n   i n   t w o   w a y s   w h i c h   a r e   e q u a t e d   t o   o b t a i n  

H e r e  u i s   t h e   s u r f a c e   d e n s i t  at o n e   m o n o l a y e r   a n d  8 i s   t h e   f r a c t i o n a l   c o v e r a g e .   E q u a t i o n  (48 )  
h a s   b e e n   q u o t e d  by d e B o e r ,  ‘a T o p p i n g , ’   a n d   m a n y   o t h e r s   f o r   s q u a r e   a d s o r b a t e   l a t t i c e s ;   a l s o ,  a 
minor   var ia t ion of Eq.  (48 )  h a s   b e e n   u s e d  by   Langmui r2 ’   fo r   hexagona l   adso rba te   l a t t i ce s .  

T h e   r e l a t i o n s h i p   b e t w e e n   t h e   d i m e n s i o n l e s s   s p a c i n g  a a n d   t h e   c o v e r a g e  8 i s   o b t a i n e d  by 
c o m b i n i n g   E q s .  (47 )  and (48) :  

If (J i s   t a k e n   e q u a l  to 4.8 x 1014 c m - *   ( c h a r a c t e r i s t i c  of c e s i u m  a t  one   t i gh t ly   packed   mono laye r )2 ’  
t hen   t he   f i r s t   b racke ted   coe f f i c i en t   i n   Eq .  (49 )  i s   e q u a l  to 0.0054. N o t e   t h a t  8 i s   p r o p o r t i o n a l  to 
a- 2.  

With t h i s   i n f o r m a t i o n   i t   i s   i n s t r u c t i v e   t o   c a r e f u l l y   e x a m i n e   t h e   v a r i a t i o n   o f   t u n n e l i n g   e n e r g y  
wi th   coverage .  To e l i m i n a t e   e 2 ,  K ,  a,,, a n d  ( p * / p )  f rom  the   d i scuss ion   i t   i s   conven ien t  to normal ize  
the   t unne l ing   ene rgy  E, by   d iv id ing   i t  by the   i on iza t ion   ene rgy  E i  of E q .  (10). Af te r   rear rangement  
E q .  (46 )  b e c o m e s  

T h e   a b o v e   e q u a t i o n   i s   a r r a n g e d   w i t h   f o r e s i g h t   s u c h   t h a t   t h e   r i g h t - h a n d   s i d e   i s   p r e c i s e l y   K o p i n e c k ’ s  
tunne l ing   i n t eg ra l   wh ich   he   t abu la t ed  from a = 0.5 to a = 7.0. We h a v e   e x t e n d e d   t h e   r a n g e  from 
a = 7.0 to a = 12.0. I t  is t h u s   p o s s i b l e  to p l o t  E t /Ei  as  a un ive r sa l   func t ion   o f   t he   d imens ion le s s  
p a r a m e t e r  a. 
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A more   conven t iona l   p lo t ,   however ,   can   be   cons t ruc t ed   i n   t he   fo l lowing   way   r ecogn iz ing  
tha t  8 is propor t iona l  to a-2. T h i s   p l o t  is s h o w n   i n   F i g .  9. H e r e   t h e   o r d i n a t e ,  E,/Ei, is propor- 
t iona l  to t h e   t u n n e l i n g   e n e r g y ;   a n d   t h e   a b c i s s a ,  um2,  is propor t iona l   t o   t he   cove rage  of s u r f a c e  

I t -  
DASHED 
E + = 0.991 

. 

1 

Fig.  9. Dimensionless  tunneling  energy  versus d 2 ,  which  is  
proportional  to  coverage. The dashed  l ine  is  an  odequote 
approximation for a  large  range of E,/Ei. 

d o n o r s .   T h e   c u r v e   o n   t h i s   g r a p h   i s   u n i v e r s a l ,   b e i n g   i n d e p e n d e n t  of K and p * / p .  F o u r   c o n c l u s i o n s  
emerge  from  examining  this   plot :  

(1) E,/E, > 1 at h i g h   c o v e r a g e s ,   i n d i c a t i n g   t h a t   t h e r e   i s   m o r e   e l e c t r o n   d e l o c a l i z a t i o n   t h a n  
e l e c t r o n   l o c a l i z a t i o n .   C o n d u c t i v i t y   i s   m e t a l l i c   a n d   t r a v e l i n g   B l o c h   w a v e s  of t h e  form  exp(ikr) 
c a r r y   e l e c t r o n i c   c u r r e n t .   T h i s  case i s   n o t  of p r imary   i n t e re s t   fo r   t he   d i scuss ion   t o   fo l low.  

(2) E,/Ei < 1 at l o w   c o v e r a g e s ,   i n d i c a t i n g   t h a t   e l e c t r o n s   a r e   m a i n l y   l o c a l i z e d   b u t   t h a t  
t u n n e l i n g   c a n   o c c u r  to a l imi t ed   ex ten t .   Conduc t iv i ty   occu r s  by quan tum  mechan ica l   hops ,   no t  by 
c o n t i n u o u s   B l o c h   w a v e s .   T h e   s i t u a t i o n   i s   a n a l o g o u s   t o   t u n n e l i n g   c o n d u c t i v i t y   i n   a l k a l i - a m m o n i a  
s o I u t i o n s . 1 4  
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(3) N e a r  E,/Ei = 1 a c r i t i c a l   t r a n s i t i o n   f r o m   m e t a l l i c   t o , t u n n e l i n g   c o n d u c t i v i t y   s h o u l d  
o c c u r .   T h e   c r i t i c a l   s p a c i n g   r a t i o  is approx ima te ly  

ac = d7Ci 

( 4 )  I n   t h e   t u n n e l i n g   r a n g e   t h e   d a s h e d   l i n e  is a fa i r   approximat ion  to t h e   c o m p u t e d   s o l i d  
l i n e .   T h e   e q u a t i o n   f o r   t h e   d a s h e d   l i n e ,   a s s u m i n g  p = p * ,  is 

s h o w i n g   t h a t  E, is proport ional  to t h e   c o v e r a g e   s q u a r e d .   I n   t h e   v e r y   l o w   c o v e r a g e   r a n g e   t h e  
d a s h e d   l i n e   d e p a r t s   f r o m   t h e   s o l i d   l i n e .   I t  is s u r p r i s i n g   t h a t  all d a t a  to b e   d e s c r i b e d   i n   S e c t i o n s  
F. and  G. s e e m  to f i t   t h e   d a s h e d   l i n e   m o r e   a c c u r a t e l y .   R e a s o n s   f o r   t h i s  effect a r e   n o t   c l e a r .   T h e  
d a s h e d   l i n e  is e x t r e m e l y   s i m p l e  to m a n i p u l a t e   a l g e b r a i c a l l y   a n d   w i l l   b e   u s e d   i n   t h e   a n a l y s i s  to 
follow. 

T h i s   c o m p l e t e s   t h e   c a l c u l a t i o n  of t h e   t u n n e l i n g   e n e r g y   a n d  its d e p e n d e n c e  .on c o v e r a g e ,  
d i e l e c t r i c   c o n s t a n t ,   a n d   e f f e c t i v e   m a s s .   A d m i t t e d l y ,   m a n y   s i m p l i f i c a t i o n s   a r e   u s e d   i n   t h e   d e r i -  
v a t i o n .   P r o b a b l y   t h e   m o s t   s e r i o u s   o m i s s i o n  is t h e   n e g l e c t  of many   pa r t i c l e   i n t e rac t ions .   Neve r -  
t h e l e s s ,   t h i s   s i m p l i f i e d   t r e a t m e n t  of on ly   two   body   i n t e rac t ions  is, in  fact, f a i r l y   a c c u r a t e  as  
judged   by   exper imenta l   da ta .  

3. Phonon Energy 

E n e r g y   i n t r o d u c e d   i n t o  a c o n d u c t o r   b y   a n   e l e c t r i c   f i e l d   w i l l   e v e n t u a l l y   b e   d i s s i p a t e d  
e i ther   by   photons  or p h o n o n s .   P h o t o n   e n e r g y   t r a n s i t i o n s   a r e   p r o p o r t i o n a l  to t h e   c u b e  of the   t r an -  
s i t i o n   e n e r g y ,  so t h a t   t h e y   a r e   g e n e r a l l y   r a r e   c o m p a r e d  to low-energy   phonon  t rans i t ions .  

P h o n o n   e n e r g i e s  of a n   i s o t r o p i c   s o l i d   f o l l o w   t h e   D e b y e   d i s t r i b u t i o n  to a f i r s t   app rox i -  
mat ion  with a c h a r a c t e r i s t i c   b u l k   p h o n o n   e n e r g y  E, a n d   D e b y e   t e m p e r a t u r e  8, re la ted   by  

where  k i s   B o l t z m a n n ' s   c o n s t a n t .   B u t   a n   a d s o r b e d   s u r f a c e   a t o m   h a s  a mean   phonon   ene rgy  E 
different   f rom  that  of t h e   b u l k   v a l u e .   T h i s   e n e r g y  is g iven   by   one   v ib ra t iona l   quan tum  and  is 
re l a t ed  to the   v ib ra t iona l   f r equency  v 

P 

P by 

E = h v  
P P 
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A s imple   p rocedure   fo r   ca l cu la t ing  u f o r   a n y   a d s o r b e d   s p e c i e s   o n  a s u r f a c e   h a s   b e e n   g i v e n   i n  
d e t a i l   b y   t h e   a u t h o r 2 2   a n d   i s   s u m m a r l z e d   b e l o w .  R 

C o n s i d e r  a c e s i u m   i o n   l o c a t e d   o n  a s a p p h i r e   s u r f a c e .   S a p p h i r e  is c r y s t a l l i n e  A1,O con-  
s i s t i n g  of 0" i o n s   p l a c e d   o n  a h e x a g o n a l   c l o s e - s p a c e d  lattice wi th   Al+++  ions   p laced   in  c?le 
i n t e r s t i c e s .  A c e s i u m   i o n   w i l l   m o s t   p r o b a b l y   b e   n e s t l e d   o n   t o p  of t h r e e   o x y g e n   i o n s   a r r a n g e d   o n  
v e r t i c e s  of a n   e q u i l a t e r a l   t r i a n g l e  as s h o w n   i n   F i g .  10. T h e   c e s i u m   w i l l   u n d e r g o   v i b r a t i o n s  

F i g .  10. Pyramidal  molecule  consisting of  one  cesium  ion  nestled  on top 
of three  oxygen  ions.  Phonons  are  transferred  via  the  vertical 
molecular  vibrations. 

perpendicular  to the   su r f ace   w i th   f r equency  u p  which   w i l l   now  be   ca l cu la t ed   f rom a harmonic  
o s c i l l a t o r   m o d e l .   T h e   e q u a t i o n 2 2  is 

1 
277 R cos /3 

( 5 5 )  

where  +a i s   t h e   h e a t  of a d s o r p t i o n ,  iii is t h e   r e d u c e d   m a s s  of t he   py ramida l   mo lecu le ,  R is t h e  
s u m  of ion ic   r ad i i  of c e s i u m   a n d   o x y g e n ,  /3 is h a l f   t h e   a p e x   a n g l e ,   a n d  s is the   i n t e roxygen   spac ing .  
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T y p i c a l   v a l u e s  of t h e s e   p a r a m e t e r s   a r e  

= 0.9 e V  

C O S  p = ( 1  - S2/3R2) '  = 0.88 

s = 2.50 x 

w h i c h   g i v e s  

a n d  

v = 0 . 9 7 ~ 1 0 ~ ~  sec" 
P 

E, = 0.0040 e V  

T h e s e   r e s u l t s   a r e   i n s e n s i t i v e  to +a and iii b e c a u s e  of t h e   s q u a r e   r o o t   d e p e n d e n c e .   I n   t h e   d i s -  
cuss ion   t o   fo l low,  E . ( 5 6 )   w i l l   b e   c o m p a r e d   w i t h   e x p e r i m e n t a l   d a t a   i n   t h e   a b s e n c e  of o the r   i n -  
formation  regarding t 1 e s u r f a c e   s t r u c t u r e  of a l u m i n a   p o l y c r y s t a l l i n e   c e r a m i c s  or g l a s s .  

4. Parametric Analysis 

By  combining   Eqs .  ( 4 4 )  and   (46 )   t he   conduc t iv i ty   becomes  a un ique   func t ion  of 0: 

In p a r t i c u l a r ,  by us ing   t he   s t r a igh t - l i ne   approx ima t ion   o f   Eq .   (52 )   and   t he   phonon   ene rgy  of 
E q .   ( 6 6 ) ,   o n e   g e t s  

g, = be2 

b = 0 . 0 0 9 4 ~ ~  m h o s / s q u a r e  
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w h i c h   i s   p l o t t e d   o n  a log- log  scale i n   F i g .  11. T h e   d i e l e c t r i c   c o n s t a n t  K is a runn ing   pa rame te r  
a l l o w e d  to vary  from 1 to 100. 

m- 

F i g .  11. Parametric  theoretical  plot of tunneling  conductivity  versus 
coverage  for  various  values  of  dielectric  constant.  Shaded 
area  indicates  region  where  data  have  been  obtained. 

T h e   f i g u r e   c o n s i s t s  of a family of s t r a i g h t   l i n e s ,   o n e   l i n e   f o r   e a c h  K v a l u e .   T h e   r e g i o n   t o  
the   uppe r   l e f t   bounded  by a d a s h e d   l i n e   i s   n o t   a p p l i c a b l e   s i n c e  E,  > E i  and   me ta l l i c   conduc t iv i ty  
occurs   there .   The  region to the   r igh t   bounded by a v e r t i c a l   d a s h e d   l i n e   i s   n o t   a p p l i c a b l e   s i n c e   t h e  
c o v e r a g e   i s  too h i g h ,  e > 0.1, a n d   c o o p e r a t i v e   i n t e r a d s o r b a t e  effects tend  to dominate .   In   par t ic -  
u l a r ,   t h e   h e a t  of a d s o r p t i o n   i s   e x p e c t e d  to b e   c o n s t a n t   o n l y   f o r  e < 0.1. Da ta   have   been   t aken   i n  
t h e   s h a d e d   r e g i o n  of the   f i gu re .  

More  information  regarding  the  range of meaningfu l  K v a l u e s   c a n   b e   o b t a i n e d   f r o m   T a b l e  I .  
Smal l  K v a l u e s ,  K < 3 ,  a r e   q u e s t i o n a b l e   s i n c e   t h e   t h e o r y  of n o d a l   w a v e   f u n c t i o n s   w a s   b a s e d   o n  
d i e l e c t r i c   c o n s t a n t s   s i g n i f i c a n t l y   g r e a t e r   t h a n   u n i t y .   L a r g e  K v a l u e s  ( K  > 11) a r e   q u e s t i o n a b l e  
s i n c e   k T r o o m  > Ei, a n d   t h e  states a re   mos t   p robab ly   t he rma l ly   i on ized   i n to   t he   conduc t ion   band  
T h e   t h e o r y   s e e m s   t o   a p p l y   b e s t  to i n t e r m e d i a t e  K v a l u e s   i n   t h e   r a n g e  3 < K < 11. 

A n o t h e r   r e s t r i c t i o n   i s   t h a t  of s m a l l   o v e r l a p :   T h e   m e a n   l a t e r a l   r a d i u s   s h o u l d   b e   l e s s  
t h a n   o n e - h a l f   t h e   m e a n   l a t t i c e   s p a c i n g  L .  With r d e f i n e d  by 
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T A B L E  I 
THEORETICALLY  CALCULATED  PROPERTIES  IMPORTANT  TO  SURFACE  TUNNELING 

K E i (eV) 

DIELECTRIC IONIZATION 
CONSTANT ENERGY 

1 
0.38 3 
3.4 

0.042 9 
0.069 7 
0.14 5 

11 0.028 
13 0.020 

100 0.0003 

r ( i )  

AEAN LATERAL 
RADIUS 

1.6 
4.7 
7.8 

11 
14 
17 
20 

156 

. .  
0 

L s  (A) 

SMALLEST 
SPACING 

14 
14 
17 
23 
30 
37 
44 

COVERAGE 
LARGEST 

0.074 
0.038 
0.023 
0.015 
0.009 

go$ (mho)  

.ARGEST TUNNELING 
CONDUCTIVITY 

~ ~ 

1.0 x 
8.0 x 10-4 
13 x 
6.7 x 
4.0 x 
2.7 x 
1.9 x 
0.033 x 

" - 

c a l c u l a t i o n   s h o w s   t h a t  

" - , - 

b 

= Q-2 

~~ ~~ ~ 

0.0094 
0.085 
0.23 
0.46 
0.76 
1.14 
1.59 

84 
. .  . -~ 

for   the   2p   g round state. V a l u e s  of T, a s s u m i n g  p* = p, a n d   t h e   s m a l l e s t   m e a n i n g f u l   i n t e r n u c l e a r  
s p a c i n g  L s  from  Fig.  11 a n d   E q s .  (48,   49 a n d  51) a r e   b o t h   s h o w n   i n   T a b l e  I;  t h e   s m a l l   t u n n e l i n g  
ove r l ap   cond i t ion  is indeed   obse rved   fo r  al l  K c o n s i d e r e d .  

T h e   l a r g e s t   a l l o w a b l e   c o v e r a g e   i n   t h e   v a l i d  K r ange   va r i e s   f rom 0.01 < e < 0.1 s h o w i n g  
t h a t   t h e   s u r f a c e   d o n o r s   a r e   i n d e e d   d i l u t e  as i m p l i c i t l y   a s s u m e d   i n   t h e   d e r i v a t i o n  of w a v e   f u n c t i o n s  
of i n d i v i d u a l   a d a t o m s .  

F i n a l l y ,   T a b l e  I s h o w s   t h a t   i n   t h e   a l l o w e d  K r a n g e ,   t u n n e l i n g   c o n d u c t i v i t y   s h o u l d   n o t   e x -  
c e e d  -10-3 m h o s / s q u a r e .  If s u r f a c e   c o n d u c t i v i t y  is o b s e r v e d   g r e a t e r   t h a n   t h i s   t h e o r e t i c a l   v a l u e ,  
t h e n   o n e   c a n   i n f e r   t h e   c o n d u c t i o n   m e c h a n i s m  to b e   m e t a l l i c   a n d   r a t h e r   i n s e n s i t i v e  to t h e   c o n c e n -  
t r a t ion  of s u r f a c e   d o n o r s .   T h e   t r a n s i t i o n   f r o m   t u n n e l i n g  to m e t a l l i c   c o n d u c t i v i t y   h a s   b e e n   o b s e r v e d  
in   a lka l i - ammonia   so lu t ions .14  For s u r f a c e   c o n d u c t i v i t y ,   b u l k   c o n d e n s a t i o n   o c c u r s   b e f o r e   t h e  
t r a n s i t i o n   h a s  a c h a n c e  to a p p e a r . ' ,  

I n   s u m m a r y ,   t h e   t h e o r e t i c a l   a n a l y s i s  of t h i s   s e c t i o n   s h o w s   t h a t   t u n n e l i n g   c o n d u c t i v i t y   c a n  
b e   e x p l i c i t l y   c a l c u l a t e d   w i t h o u t   a n y   r e f e r e n c e  to e x p e r i m e n t a l   d a t a .   T u n n e l i n g   c o n d u c t i v i t y   o c c u r s  
i n   d i l u t e   s u r f a c e   l a y e r s ,  e < 0.1, a n d   i t   v a r i e s   a p p r o x i m a t e l y  a s  02 .  

In   dynamic   equi l ibr ium  the   coverage  e is a funct ion of s u r f a c e   a n d   m e t a l l i c   v a p o r   b a t h  
t e m p e r a t u r e s .   T h i s   f u n c t i o n a l   d e p e n d e n c e  is de r ived   i n   t he   fo l lowing   s ec t ion .  

E. EQUATION OF STATE 

To c a l c u l a t e   t h e   c o v e r a g e  e of s u r f a c e   d o n o r s   c o n s i d e r  a s u r f a c e  at t empera tu re  T im- 
mersed   i n  a me ta l l i c   vapor   ba th  at t empera tu re  T '. P r o v i d e d  T > T ', dynamic   equ i l ib r ium is 
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e s t a b l i s h e d   a n d   a g g l o m e r a t i o n  of t h e   a d s o r b a t e   d o n o r   a t o m s   i n t o   c r y s t a l l i t e s  is the rmodynamica l ly  
u n s t a b l e .   T h e r e   w i l l   e x i s t  a t w o - d i m e n s i o n a l   a d s o r b a t e   d o n o r  gas w h i c h  is c o n s t a n t l y   a g i t a t e d   d u e  
to r ea r r angemen t ,   adso rp t ion ,   and   deso rp t ion .  

T h e   e q u a t i o n   o f  s ta te  r e l a t i n g  0 to T a n d  T ’  is e x t r e m e l y   s i m p l e  at l o w   c o v e r a g e s ,  
e < 0.1, b e c a u s e   t h e   h e a t  of adso rp t ion  is t h e n   l a r g e l y   i n d e ~ e n d e n t ~ ~  of c o v e r a g e   a n d   t e m p e r a -  
t u r e .   T h e   e q u a t i o n  of state cons t ruc ted   f rom a r a t e   b a l a n c e  is22 

w h e r e  0 = s u r f a c e  statistical we igh t  

u = s u r f a c e   m o n o l a y e r   d e n s i t y  
e = s u r f a c e   c o v e r a g e  

v = s u r f a c e   v i b r a t i o n a l   f r e q u e n c y  P 

A s  = s u r f a c e   c o n f i g u r a t i o n a l   e n t r o p y  
4 ,  = s u r f a c e   a d s o r p t i o n   h e a t  

w ’ = l i qu id  statist ical  we igh t  
V ’  = l i qu id   v ib ra t iona l   f r equency  
U ’  = l i q u i d   m o n o l a y e r   d e n s i t y  

T ’ = l i qu id   t empera tu re  

T = s u r f a c e   t e m p e r a t u r e  

+ ’ =  1’ l q u i d   v a p o r i z a t i o n   h e a t  

k = B o l t z m a n n ’ s   c o n s t a n t  

T h i s   e q u a t i o n  is b a s e d   o n   t h e   m o d e l  of a mob i l e   two-d imens iona l   l aye r   w i th   one   deg ree  of vibra- 
t i ona l   f r eedom  pe rpend icu la r  to t h e   s u r f a c e .   T h e   s u r f a c e   s t a t i s t i c a l   w e i g h t  0 is cons ide red   on ly  
f o r   t h e   l o w e s t   e l e c t r o n i c  s ta te  of the   donor   a tom.   Depa r tu re s   e i t he r   f rom  the   mode l  or in   the   re -  
s t r i c t i o n  to ground state statistical w e i g h t s   w i l l   b e   t a k e n   u p ,  at least a p p r o x i m a t e l y ,   i n   t h e   c o n -  
f igura t iona l   en t ropy   te rm A s / k .  N e i t h e r   a s / k   n o r  4 ,  can   be   p red ic ted   f rom  more   fundamenta l  
i d e a s  at the   p re sen t   t ime .   They   w i l l   be   i n fe r r ed   f rom  expe r imen ta l   da t a  later on .  Close e s t i m a t e s  
of t h e   o t h e r   p a r a m e t e r s 2 2   c a n   b e   m a d e ,   h o w e v e r ,   a n d   a r e   l i s t e d   b e l o w   f o r   c e s i u m   o n   i n s u l a t o r s .  

w = 2  
w ‘=  1 
v = 0.97 x 1 0 ’ ~   s e c - 1  
v e  = 1 .26  X 10 l2  s e c - l  
u = 4.8 X 1014 c m - 2  

u ’ = 4.16 X 10 c m - 2  
4 ‘ =  0.747 e V  

O n   t h e   i n s u l a t o r   s u r f a c e ,   c e s i u m   d o n o r   e l e c t r o n   s p i n s   a r e   p r o b a b l y   u n c o r r e l a t e d   i n   t h e   d i l u t e  
case; t h e   e l e c t r o n i c  statist ical  we igh t   fo r   t he   g round  s ta te  is then  0 = 2.  O n   t h e   c e s i u m   l i q u i d ,  
t h e   s p i n s   a r e   a l w a y s   p a i r e d  s o  t h a t  0 = 1. U s i n g   t h e s e   v a l u e s   E q .  (60) b e c o m e s  

0 = 0.545 e 
- A s / k  . -$ /kT ‘ec$a-kT ( 6  1) 

By  combining  this   equat ion of state w i t h   t h e   g e n e r a l   c o n d u c t i v i t y   r e l a t i o n   [ E q .  (57a)l t h e  
f o l l o w i n g   g e n e r a l   t h e o r e t i c a l   p r e d i c t i o n s   r e s u l t :  
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1. S i n c e   l o g  8 is a s ing le -va lued   func t ion   o f  1/T a n d  1/T’ a n d   s i n c e   g o  is a 
s ing le -va lued   func t ion  of e ,  i t  f o l l o w s   t h a t   l o g  g, s h o u l d   b e  a s i n g l e - v a l u e d  
f u n c t i o n  of 1/T a n d  l/T”. T h i s   d e p e n d e n c e   c a n   b e   v i s u a l i z e d   m o s t   e a s i l y  
by  imagining a p l o t   c o n s t r u c t e d   w i t h  1000/T as o r d i n a t e   a n d  1000/T’ as 
a b s c i s s a .   I t   f o l l o w s   t h a t   o n   t h i s  plot l i n e s  of c o n s t a n t  g, w o u l d   n e v e r  
i n t e r s e c t .  

2. T h e   s l o p e  of t h i s  plot, b e i n g   d e f i n e d  by 

s l o p e  = a ( 1 0 0 0 / T  ’) 

i s   t h e o r e t i c a l l y   c a l c u l a t e d  to b e  4 ’/$a a n d   c o n s t a n t ,   p r o v i d e d  e is s u f -  
f i c i en t ly   l ow s o  t h a t  $ a  i s   c o v e r a g e - a n d   t e m p e r a t u r e - i n d e p e n d e n t .  

3.  T h e   h o r i z o n t a l   s p a c i n g  of g o   l i n e s   d i f f e r i n g  by c o n s t a n t   f a c t o r s ,   s a y   f a c t o r s  
o f   10 ,   w i l l   gene ra l ly   va ry .  

I n   s u m m a r y ,   g e n e r a l   c o n s i d e r a t i o n s   i n d i c a t e  a family of n o n i n t e r s e c t i n g ,   p a r a l l e l ,   a n d   n o n -  
u n i f o r m l y   s p a c e d   l i n e s  of c o n s t a n t   c o n d u c t i v i t y   o n  a lOOO/T, 1000/T’ plo t .  

In   addi t ion  to t h e s e   g e n e r a l   p r e d i c t i o n s ,   m o r e   s p e c i f i c   p r e d i c t i o n s   c a n   b e   d r a w n   i f   t h e  
conduc t iv i ty   can   be   wr i t t en   i n   t he   power   l aw   fo rm 

g o  = bey  

w h e r e  y i s   a n y   p o w e r  of e. T h e n   t h e   l i n e s  of c o n s t a n t  g, w i l l   b e   e q u a l l y   s p a c e d .  

For the   pa r t i cu la r  case when   t he   s t r a igh t - l i ne   approx ima t ion  of E q .   ( 5 7 b )   i s   a s s u m e d ,  
= 2 a n d   l i n e s  of c o n s t a n t  go s u c h  a s  g, = lo”, e t c . ,   wou ld   be   equa l ly  

s p a c e d  2 X 0.745/5.05 = 0 . 2 9 5   u n i t s   a p a r t   o n   t h e   h o r i z o n t a l   a x i s  1000/T ’. T h e   c o n d u c t i v i t y  
c a n   t h e n   b e   w r i t t e n   i n   c l o s e d   f o r m  a s  

To c o m p a r e   t h e o r y   w i t h   e x p e r i m e n t a l   d a t a   i t  is conven ien t   t o  use the   Ar rhen ius  form 

where  

A = - 0 . 5 2  + L o g , ,  b -0.85 A s h  

B = 2 x 5050 X q5 = 7550 

C = 2 X 5050 X = 1 0 ,  100 q5a 

T h e   t h e o r e t i c a l   c o n s t a n t  B i s   r i g i d l y   f i x e d ,   w h i l e   t h e   c o n s t a n t s  A and  C c o n t a i n   t h e  
conf igu ra t iona l   en t ropy   and   hea t  of d e s o r p t i o n ,   r e s p e c t i v e l y ,   w h i c h   w i l l   b e   i n f e r r e d   b y   c o m p a r i s o n  
wi th   da t a   t aken   unde r   “c l ean”   expe r imen ta l   cond i t ions .  
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I f   t he   e f f ec t   o f   con taminan t s   wou ld   be   mere ly  to a l t e r  y ,  t h e n   a n   A r r h e n i u s   e q u a t i o n  
would  still occur ,   bu t   w i th   A ,  8 ,  a n d  C va lues   d i f f e ren t   f rom  Eq .  (65). T h e  s lopes  B/C of the  
g, l i ne   f ami ly   wou ld ,   however ,   be   una l t e red   and   t he  Zine s p a c i n g s  would   s t i l l   be   un i fo rm.  

A n a l y s i s  of t h e   A r r h e n i u s   e q u a t i o n s   p r o v i d e s  a v e r y   s e n s i t i v e   p r o b e  to d e t e r m i n e   t h e  
e x t e n t  of a d s o r b a t e   a n d   c o n t a m i n a n t   g a s   i n t e r a c t i o n .   D a t a   r e p o r t e d   b e l o w   w i l l   s e r v e  to d i s p l a y  
v a r i o u s   p r e d i c t e d  effects o c c u r r i n g   u n d e r   “ c l e a n ”   a n d   “ u n c l e a n ”   c o n d i t i o n s .  

F.  ELECTRICAL  CONDUCTIVITY CAUSED  BY  ADSORBED  CESIUM  ON INSULATOR SURFACES 

E l e c t r i c a l   c o n d u c t i v i t y   c a u s e d   b y   a d s o r b e d   c e s i u m   o n   v a r i o u s   i n s u l a t o r   s u r f a c e s   h a s   b e e n  
measured   ex tens ive ly* .   The   insu la tors   used   were   h igh   a lumina   “Diamoni te”   ceramic ,   h igh   a lumina  
@ @ F r e n c h t o w n ”   c e r a m i c ,   a n d   p u r e   c r y s t a l l i n e   s a p p h i r e ;   t h e   s u r f a c e   t e m p e r a t u r e s   v a r i e d   i n   t h e   r a n g e  
300°K < T < 6OOOK; t h e   c e s i u m   v a p o r   b a t h   t e m p e r a t u r e s   v a r i e d   i n   t h e   r a n g e  300°K < T ‘< 5OOOK; 
a n d   d a t a   w e r e   t a k e n   b o t h   w i t h   a n d   w i t h o u t  a con t inuous ly   pu r i fy ing   ce s ium still a n d   g e t t e r   i o n  
pump. I t  was   found   t ha t :  

1. T h e   c o n d u c t i v i t y   p e r   s q u a r e ,  g,, is su rp r i s ing ly   r ep roduc ib le   and   i den t i ca l  
for all h i g h   a l u m i n a   s u b s t r a t e s ,   p r o v i d e d   e i t h e r   v a p o r   c o n t a m i n a n t s   a r e   c o n -  
t i nuous ly   ge t t e r ed  or a n   i s o l a t e d   s y s t e m  is i n   e a r l y   s t a g e s  of l i f e ,   and   fo l -  
l o w s  a s e m i e m p i r i c a l   l a w   o v e r   m a n y   o r d e r s  of magni tude  

where  A = -5 .4 ,  B = 7520,  and C = 8340. 

g a s e s   a c c u m u l a t e d ,   t h e   c o n d u c t i v i t y  is aga in   r ep roduc ib le   bu t   h ighe r   w i th  
e n t i r e l y   d i f f e r e n t   v a l u e s  of A = - 4 . 5 ,  B = 2400, and  C = 2700. 

2. For i s o l a t e d   s y s t e m s   i n   l a t e r   s t a g e s  .of l i fe   where   unknown  contaminant  

T h e s e   d a t a   m a y   b e   a p p l i e d   t o   c h o o s i n g   i n s u l a t o r s   f o r   t h e r m i o n i c   e n e r g y   c o n v e r t e r s   a n d  
a s s o c i a t e d  test d e v i c e s .  

G. COMPARISON OF THEORY WITH EXPERIMENT 

E x p e r i m e n t a l   d a t a  of e l e c t r i c a l   c o n d u c t i v i t y   c a u s e d   b y   a d s o r b e d   c e s i u m   o n   i n s u l a t o r s   h a s  
a l r e a d y   a c c u m u l a t e d   ( s e e   S e c t i o n  F. a n d   R e f e r e n c e s  1-3).  I t  i s   n e c e s s a r y   f i r s t  to p r e s e n t   t h e  
d a t a   i n  a compact   form so t h a t  i t  c a n   b e   n e a t l y   c o m p a r e d   w i t h   t h e o r y .  

T h e   c o n d u c t i v i t y  of c e s i u m   o n  all ‘ ‘ c l e a n ”   a l u m i n a   ( i n c l u d i n g   s a p p h i r e )   s y s t e m s   f o l l o w s  
t h e   t h e o r e t i c a l   A r r h e n i u s   r e l a t i o n s h i p   [ E q .  ( 6 4 ) ]  with  A, B, and  C v a l u e s   g i v e n   b y 2  

A = - 5.4 
B = 7520 “ 

C = 8340 I c lean”   a lumina  

T h i s  work w a s   r e p o r t e d   i n   i t s   e n t i r e t y   i n   t h e  Proceedings o/ fhe  Thermionic  Specialisf   Conlerence. Cleve land ,  
Ohio ,   October  1964, and   i s   summar ized   he re .  
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The  data  are  shown in Fig. 12. ”Clean”  conditions  are  defined a s  continuously  gettered s y s -  
tems  at low temperatures or pinched-off s y s t e m s  in initial  stages of  life. 

2.6 “i 0 

1.6 1.8 2.0  2.2 2.4 2.6 2.8 3.0  3.2 

T’ 
1000 

F i g .  12. Master  plot of  constant  conductivity  versus  reciprocal  bath  and  surface 
temperatures,  taken  under  “clean”  conditions.  Data  refer  to  Diamonite 
ceramic,  Frenchtown  ceramic,  and  sapphire.  Lines  follow  semiempirical 
Arrhenius  formula. 

Blackford3  reported  conductivity  data for cesium on ssclean”  Pyrex  glass  surfaces.  His 
data  yielded 

A = - 6.6 
B = 7520 “clean”  Pyrex 
C = 8340 I 

as  shown in F i g .  13.  

Finally, for “unclean” alumina systems the Arrhenius  parameters  representing  the  data 
became2 

unclean”  alumina ( 6 9 )  

The  data  are shown in  F ig .  14.  “Unclean”  conditions  are  defined  as  pinched off and nongettered 
systems where residual  gases  have a chance to accumulate. 
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F i g .  13. Master  plot  of  Blackford's  cesium  on  Pyrex  glass  data.  The 
semiempirical  l ine  formula  is  similar  to  that  of  cesium  on 
ceramic  under  "clean"  conditions. 

i' 
1000 

F i g .  14. Master  plot of  constant  conductivity  versus  reciprocal  bath  and  surface 
temperatures,  taken  under  ''unclean"  conditions. 
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T h e   t r a n s i t i o n   b e t w e e n   “ c l e a n ”   a n d   l e u n c l e a n ”   a l u m i n a   s y s t e m s   w a s   f o l l o w e d   a f t e r  a 
g e t t e r   i o n   p u m p   w a s   p i n c h e d  off. T h e r e  is a g r a d u a l   t r a n s i t i o n   s u c h   t h a t   A ,  B, a n d  C v a l u e s  
s lowly   change   f rom Eq. ( 6 7 )  to Eq. (69) .  A f t e r   a b o u t   o n e   w e e k  of c o n s t a n t   t e s t i n g  a f i n a l   e q u i l i b -  
rium is a t t a i n e d   w h i c h   a l l o w e d   t h e   d e t e r m i n a t i o n   o f  Eq. (69) .  

Let US now  interpret  all t h e   d a t a   i n   t e r m s   o f   t h e   t h e o r e t i c a l   p r e d i c t i o n s   s e t   f o r t h   i n  
S e c t i o n  I-E. 

T h e  fact t h a t   t h e   d a t a   a l w a y s   f o l l o w   A r r h e n i u s   c o n d u c t i v i t y   r e l a t i o n s h i p s   i n d i c a t e s   t h a t :  

C o n d u c t i v i t y   f o l l o w s  a p o w e r   l a w  of c o v e r a g e   g i v e n   b y  

L i n e   s l o p e s   a r e   i d e n t i c a l .  
T h e   o b s e r v e d   c o n d u c t i v i t y  is n o t  a s u m  of p a r t i a l   c o n d u c t i v i t i e s  
b e c a u s e   t h e   A r r h e n i u s   r e l a t i o n s h i p   i s   i n c o n s i s t e n t   w i t h  a s u m  
of effects. 
T h e   c o n d u c t i o n   m e c h a n i s m s   o n   g l a s s   a n d   c r y s t a l l i n e   s a p p h i r e  
a re   s imi l a r ,   con f i rming   t he   p red ic t ion  of su r face   e l ec t ron   t unne l -  
i n g   p r o p o s e d   i n   S e c t i o n  I-D. 

T h e   f a c t   t h a t  for c l e a n   s y s t e m s   t h e   t h e o r e t i c a l  B v a l u e  (7520) a n d   t h e   e x p e r i m e n t a l  B 
v a l u e s  e x a c t l y  agree s h o w s   t h a t   t h e   c o n d u c t i v i t y   i s   p r o p o r t i o n a l  to t h e   c o v e r a g e   s q u a r e d  as 
t h e o r e t i c a l l y   a n t i c i p a t e d .  

For u n c l e a n   s y s t e m s   t h e   e x p e r i m e n t a l  B v a l u e  is 1/3 of t h e   t h e o r e t i c a l   v a l u e ;   t h i s   i n -  
d i c a t e s   t h a t   t h e   c o n t a m i n a n t   c a u s e s   t h e   c o n d u c t i v i t y  to vary as t h e   c o v e r a g e  to the   two- th i rds  
p o w e r .   T h e   c o n t a m i n a n t   g a s ,   m o s t   p r o b a b l y   h y d r o g e n , 2  is d e d u c e d  to aid t he   t unne l ing   be tween  
c e s i u m   a t o m s   a n d   t o   i n c r e a s e   t h e   c o n d u c t i v i t y .   P o s s i b l y   t h e   h y d r o g e n  acts as  a b r idge   fo r   t he  
c e s i u m - c e s i u m   t u n n e l i n g   p r o c e s s .  

For c l e a n   s y s t e m s ,   c o m p a r i s o n   b e t w e e n   t h e o r e t i c a l   a n d   e x p e r i m e n t a l  C v a l u e s   s h o w s   t h a t  

4 ,  = 0.83 e V  

w h i c h   i s  0.08 eV  higher   than  the  vaporizat ion  heat22  of   bulk  cesium ( 4  ’= 0.75 eV) .   An  independent  
c h e c k  of +a was   made   i n   t he   fo l lowing   s imple   expe r imen t .*  A m a s s  of f i n e   a l u m i n a   p o w d e r   w a s  
p a i n t e d   o n   o n e   e l e c t r o d e   i n   a n   e v a c u a t e d   g l a s s   t u b e   c o n t a i n i n g   l i q u i d   c e s i u m   d r o p l e t s .   A t   c o n s t a n t  
t e m p e r a t u r e   i t   w a s   d i s c o v e r e d   t h a t   t h e   d r o p l e t s   s p o n t a n e o u s l y   b e c a m e   s m a l l e r ,   a n d   t h e   c e s i u m .  
g radua l ly   appea red   i n   t he   a lumina   powder  a s  judged   f rom  i t s   co lo r   p rog res s ion :   wh i t e   t o   b lue  to 
b l a c k .   A s   s o o n  as the   powder   was   warmed to abou t   100°C,   however ,   t he   ce s ium  depa r t ed   t he  
p o w d e r   a n d   b e c a m e   r e d e p o s i t e d   i n   l i q u i d   d r o p l e t s   o n   t h e   g l a s s   w a l l s .   T h e   o b s e r v e d  100°C tem- 
pera ture   d i f fe rence   requi red   to   revers ib ly   t ranspor t   ces ium  f rom  the   powder  to the   d rop le t s   i n -  
d i c a t e s   t h a t  + a  and  +‘  a r e   f a i r l y   c l o s e .   T h e   o b s e r v e d  fact tha t  at  cons t an t   t empera tu re ,   ce s ium 
p r e f e r s   t h e   a d s o r b e d  state to   the cesium drople t  s tate i n d i c a t e s   t h a t  + a  i s   s l i g h t l y   g r e a t e r   t h a n  
+ ’. Thus ,   t h i s   expe r imen t   he lps   t o   ve r i fy   t he   ca l cu la t ed  + a  v a l u e   d e d u c e d   a b o v e .  F o r  b o t h   c l e a n  
a n d   u n c l e a n   s y s t e m s   t h e   r a t i o   B / C  is c o n s t a n t ,   i n d i c a t i n g   t h a t  4 ,  i s   c o n s t a n t   a n d   u n p e r t u r b e d  
by contaminants .  

K.  G .  Hernqvisr ,  RCA Labora to r i e s ,   unpub l i shed   da t a .  
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For c l e a n   a l u m i n a   t h e   t h e o r e t i c a l  A v a l u e   c a n   b e   c a l c u l a t e d   p r o v i d e d  K ,  p * / p ,  a n d  
A s / k   a r e   k n o w n .   I n s e r t i n g   r e a s o n a b l e   v a l u e s  of K = 9 a n d  p * / p  = 1 i n t o   E q .  (65 )  y i e l d s  
A = - 0.64 - 0.87 A s / k .   B y   c o m p a r i n g   t h i s   w i t h   t h e   e x p e r i m e n t a l  A v a l u e  of - 5.4, t he   con -  
f igu ra t iona l   en t ropy   change  is c a l c u l a t e d  to b e  

A s / k  = 5.5 

Simi la r ly ,   a s suming  K = 5 and p * / p  = 1 f o r   c l e a n   P y r e x   o n e   o b t a i n s  

A s / k   v a l u e s   a r e   d e p e n d e n t   o n   t h e   a d s o r p t i o n   m o d e l  as  w e l l  as the   pa rame te r s  K and p * / p .  T h e i r  
l a r g e   m a g n i t u d e s   i n d i c a t e 2 2  a reduc t ion   i n   t r ans l a t iona l   f r eedom,   poss ib ly   a r i s ing   f rom  an   o rde r -  
i n g   d u e  to d i p o l e - d i p o l e   r e p u l s i o n s .   T h i s   i n t e r p r e t a t i o n  is in   ag reemen t   w i th   t he   l ong- range   o rde r -  
ing   observed   in   many  low-energy   e lec t ron  diffrac,tion(LEED)experiments. I t   a l s o   f o l l o w s   t h a t  if a 
f ixed ,   long-range   order  is a s s u m e d ,   t h e n   A s / k   s h o u l d   b e   f i x e d ,   a n d   t h e   a b s o l u t e   v a l u e  of A s h o u l d  
i n c r e a s e   w i t h   d e c r e a s e d   d i e l e c t r i c   c o n s t a n t  [see E q s .  (65)  a n d  (57b)l. T h i s   t h e o r e t i c a l l y   p r e d i c t e d  
t r end   has   i ndeed   been   obse rved   expe r imen ta l ly :   fo r   a lumina ,  K = 9 and A = - 5.4; and   fo r   Py rex ,  
K = 5 and A = - 6.6. 

H. CONCLUSIONS 

Sta r t ing   f rom  fundamen ta l   quan tum  mechan ica l   concep t s ,  i t  h a s   b e e n   p o s s i b l e  to theore t -  
i c a l l y   d e r i v e   w a v e   f u n c t i o n s ,   d o n o r   i o n i z a t i o n   e n e r g i e s ,   t u n n e l i n g   e n e r g i e s ,   c o n d u c t i v i t y   r e l a t i o n -  
s h i p s ,   a n d   e q u a t i o n s  of state, all i n   e x c e l l e n t   a g r e e m e n t   w i t h   t h e   e x t e n s i v e   e x p e r i m e n t a l   d a t a  
t a k e n  to d a t e .  

Some of t he   h igh l igh t s  of th i s   e f fo r t   a r e :  

1. T h e   g r o u n d  state wave   func t ion  of a c e s i u m   a t o m   o n  a d i e l e c t r i c   s u r f a c e  
c o n s i s t s  of o n e   l o b e  of a 2p   hydrogen ic   wave   func t ion   pene t r a t ing   deep  
i n t o   t h e   d i e l e c t r i c .  

2. G e n e r a l   r u l e s   f o r   s e l e c t i n g   s u r f a c e   w a v e   f u n c t i o n s  of all e x c i t e d  states 
a n d   a r b i t r a r y   s u r f a c e   a s y m m e t r y   h a v e   b e e n   d e r i v e d .  

3 .  C e s i u m - c e s i u m   i n t e r a c t i o n s   a r e   e x p l i c i t l y   c a l c u l a t e d   u s i n g   K o p i n e c k ’ s  
r e s o n a n c e   i n t e g r a l   b e t w e e n   n e i g h b o r i n g   w a v e   f u n c t i o n s .  

4 .  C o n d u c t i v i t y   p r o c e e d s   v i a   c e s i u m - c e s i u m   e l e c t r o n   t u n n e l i n g   a n d   t h e  
c o n d u c t i v i t y   r e l a t i o n s h i p   i s   d e r i v e d   i n   t e r m s  of Kop ineck’ s   i n t eg ra l   and  
t h e   s u r f a c e   p h o n o n   t r a n s i t i o n s   w h i c h   s u p p l y   t h e   c o n d u c t i v i t y  loss  
mechan i sm.  

5 .  P h o n o n   e n e r g i e s   a r e   e x p l i c i t l y   c a l c u l a t e d   f r o m   t h e   v i b r a t i o n a l   m o t i o n  
of s u r f a c e   a t o m s .  

6 .  T h e   c o n d u c t i v i t y   v a r i e s  a s  t h e   c e s i u m   c o v e r a g e   s q u a r e d ,  to a f i r s t  
approximat ion .  

7. An  equat ion  of state i s   d e r i v e d   s h o w i n g   t h e   l i n e a r   d e p e n d e n c e  of 
c o v e r a g e   a n d   a r r i v a l   r a t e   f o r   t h e   l o w   c o v e r a g e   s y s t e m  of i n t e r e s t .  
T h e   c o n d u c t i v i t y  is then   p red ic t ed  to be   p ropor t iona l  to t h e   c e s i u m  
p r e s s u r e   s q u a r e d .   T h i s   p r e d i c t i o n   h a s   b e e n   a c c u r a t e l y   v e r i f i e d   e x -  
per imenta l ly .  
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8.  B y   c o m p a r i n g   o t h e r   a s p e c t s  of t h e o r y   a n d   e x p e r i m e n t a l   d a t a ,   t h e   h e a t   a n d  
e n t r o p y   c h a n g e  of a d s o r p t i o n   h a v e   b e e n   u n a m b i g u o u s l y   c a l c u l a t e d .  For all 
c l e a n   a l u m i n a   a n d   g l a s s   s u b s t r a t e s  +a = 0.85 e V   a n d  5.5 < A s / k  < 6.2. 
T h e   l a r g e  A s / k  v a l u e s   i n d i c a t e   t h a t   t h e r e  is l o n g - r a n g e   o r d e r   e i t h e r   c a u s e d  
b y   d i p o l e - d i p o l e   r e p u l s i o n s  of s u r f a c e   c e s i u m   a t o m s  or b y   t h e   e x t e n d e d  p or 
d w a v e   f u n c t i o n s   c h a r a c t e r i s t i c  of h i g h   d i e l e c t r i c   m a t e r i a l s .  A s imi l a r   l ong-  
r a n g e   o r d e r   h a s   b e e n   o b s e r v e d   i n  LEED s t u d i e s .  

9.  For s u r f a c e s   p r o b a b l y   c o n t a m i n a t e d   w i t h   h y d r o g e n ,   c o n d u c t i v i t y   i n c r e a s e s  
above   t he   nonhydrogena ted  case; the   hydrogen   p robab ly   fo rms   conduc t iv i ty  
b r i d g e s   b e t w e e n   n e a r l y   c e s i u m   a t o m s .   T h e   h e a t   o f   a d s o r p t i o n   i s   u n c h a n g e d  
from + a  = 0.85 e V ,   s h o w i n g   t h a t   t h e   c o n t a m i n a n t  affects t h e   c o n d u c t i v i t y  
but   no t   the   b inding   energy  of c e s i u m .  

10. The   Arrhenius   form of e x p e r i m e n t a l   d a t a  is c o n v e n i e n t   f o r   c a l c u l a t i n g   c e s i u m  
conduc t iv i ty   i n   va r ious   t he rmion ic   ene rgy   conve r t e r s   and   r e l a t ed  test a p p a r a t u s .  

11. S o p h i s t i c a t e d   m e a n s   h a v e   b e e n   d e v e l o p e d   f o r   a n a l y z i n g   t h e   A r r h e n i u s  co- 
e f f i c i en t s   w i th   and   w i thou t   con taminan t s .   Th i s   r ep resen t s   an   impor t an t   t oo l  
i n   u n d e r s t a n d i n g   t h e   c o m p l e x   s y s t e m  of t w o   a d s o r b a t e s   p r e s e n t   o n   o n e   s u b -  
s t r a t e .  
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